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ABSTRACT 


This  research  program  was  conducted  in  two  phases.  Annealing-induced  changes  in 
corrosion  and  mechanical  properties  of  amorphous  alloys  were  investigated  during  1979-1980, 
whereas  earlier  studies  during  1977-1979  involved  characterizing  the  localized  corrosion 
resistance  and  feasibility  of  sputtering  such  alloys. 

Annealing,  performed  at  temperatures  up  to  that  causing  crystallization,  produced 
embrittlement  of  Fe32NiMCri.«Pi2Be  at  100-200  C,  as  measured  by  bending.  Embrittlement 
preceded  crystallization,  which  initiated  during  a  substantially  higher  temperature  of  400  C. 
Annealing  of  Fe32NiMCri4SieBi2  resulted  in  embrittlement  at  300-400  C,  which  coincided  with 
crystallization  in  this  alloy.  Segregation  of  phosphorus  is  believed  to  have  caused  embrittle¬ 
ment  of  the  former  alloy,  whereas  embrittlement  of  the  latter  was  probably  induced  by 
crystallization.  Susceptibility  of  both  alloys  to  corrosion  in  chloride  solutions  increased 
dramatically  with  the  occurrence  of  crystallization.  This  increase  appeared  as  a  reduction  in 
the  critical  pitting  potential  with  increasing  degree  of  crystallization. 

Research  performed  during  1977-1979  showed  that  Fe-Ni-Cr-P-B  alloys  resist  crevice 
corrosion  as  well  as  pitting.  This  observation  was  interpreted  as  indicating  that  even  if  initiation 
of  localized  corrosion  is  facilitated  by  introducing  a  crevice  geometry,  corrosion  cannot 
proceed  because  of  the  considerable  resistance  of  these  alloys  to  propagation  of  attack.  It  was 
also  demonstrated  that  these  alloys  can  be  sputtered  as  amorphous  layers  that  exhibit 
essentially  the  same  resistance  to  pitting  corrosion  as  alloys  of  similar  composition,  but 
prepared  by  liquid  quenching. 
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BACKGROUND 


The  advent  of  amorphous'*’  alloys  containing  film-forming  elements  such  as  chromium 
has  led  to  intensive  research  into  corrosion  behavior.  One  reason  for  interest  in  corrosion 
behavior  is  the  broad  similarities  of  composition  between  certain  amorphous  alloys  and  that  of 
conventional  stainless  alloys.  Specifically,  the  presence  of  Fe,  Ni,  and  Cr  provides,  for  the  first 
time,  an  opportunity  for  fundamental  studies  of  passivity  and  its  breakdown  on  stainless-type 
alloys  that  are  free  of  conventional  long-range  crystalline  defects,  such  as  grain  boundaries. 

Previous  research  showed  that  two  classes  of  amorphous  alloys,  of  general  compositions 
Fe-Ni-Cr-P-B  and  Fe-Ni-Cr-P-C,  possess  remarkable  resistance  to  localized  corrosion,  namely, 
pitting.'1*4’  Potentiodynamic  polarization  in  acidified  chloride  electrolytes  showed  that  the 
critical  pitting  potential,  Ecp,  was  several  tenths  of  a  volt  more  positive  than  that  of 
conventional  crystalline  stainless  steels  of  similar  chromium  content.  One  group  of  researchers 
demonstrated  that  the  minimum  amount  of  chromium  needed  to  confer  passivity  in  the 
amorphous  state  was  only  8  atomic  percent'1’,  in  contrast  to  the  12  atomic  percent  required  in 
crystalline  stainless  steels.  These  preliminary  studies  indicated  that  these  new  classes  of 
materials  constitute  novel  alloy  systems  with  not  only  improved  corrosion  resistance  relative  to 
crystalline  stainless  steels,  but  also  with  the  promise  of  conserving  chromium,  a  critical 
resource. 

The  favored  hypothesis  to  account  for  the  pitting  resistance  of  amorphous  chromium- 
containing  alloys  is  based  on  their  extremely  homogeneous  structure.  Because  the  alloys  are 
amorphous,  they  are  free  of  grain  boundaries,  stacking  faults,  dislocations,  and  other  defects 
found  in  crystalline  structures.  Because  they  are  quenched  at  rates  in  excess  of  105  K /sec,  they 
also  exhibit  less  macrosegregation  and  microsegregation,  and  they  are  free  of  second  phases 
formed  by  solid  state  precipitation.  At  worst,  they  are  somewhat  heterogeneous  on  an  atomic 
scale  because  of  some  short  range  ordering  and  clustering  phenomena.  The  alloys,  therefore, 
are  presumed  to  resist  pitting  in  part  because  of  the  difficulty  of  initiation.  That  is,  it  is  well 
known  that  pitting  occurs  preferentially  at  heterogeneous  surface  sites  such  as  grain  bound¬ 
aries  and  second  phase  particles;  the  fact  that  these  sites  are  absent  in  amorphous  alloys  is  used 
to  rationalize  the  fact  that  Eep  is  several  tenths  of  a  volt  more  noble  than  in  less-perfect  alloys. 
This  hypothesis  is  supported  by  evidence  that  passive  films  formed  on  Fe-Ni-Cr-P-C  alloys  are 
similar  in  structure  to  those  observed  on  crystalline  stainless  steels.'5’ 

It  has  also  been  shown  that  phosphorus  enhances  corrosion  resistance,  presumably  by 
enriching  the  passive  film  in  hydrated  chromium  oxyhydroxide.'8’  Studies  by  X-ray  photo¬ 
electron  spectroscopy  (XPS)  indicate  that  phosphorus  accelerates  active  dissolution  prior  to 
passivation;  this  acceleration,  in  turn,  promotes  enrichment  of  trivalent  chromium  in  the 
passive  film  and  improvement  of  its  protective  qualities. 


(al  "Glassy"  would  be  a  more  accurate  term,  since  short  range  order  does  exist  in  these  materials:  however,  for  the 
sake  of  consistency  with  much  of  the  corrosion  literature,  the  term  "amorphous”  will  be  used  to  denote  their 
noncrystalline  structure. 


1977-1979  Research 


This  three-year  research  program  was  divided  into  two  phases.  The  first  phase  occupied 
the  period  from  May,  1977  through  April,  1979.  It  was  entitled  "Investigating  Localized 
Corrosion  and  Sputtering  Feasibility  of  Amorphous  Chromium-Containing  Alloys”,  and 
research  results  are  documented  in  References  7-11  and  Appendices  A,  B,  and  C.  One  aspect 
of  the  research  sought  to  determine  whether  the  resistance  to  localized  corrosion  exhibited  by 
certain  amorphous  alloys  extends  to  crevice  corrosion.  Crevice  corrosion  does  not  require 
heterogeneities  in  the  alloy  for  initiation,  and  oxygen  depletion  can  easily  occur  within 
crevices.  Therefore,  it  was  wondered  whether  the  alloys  might  readily  corrode  in  a  crevice 
geometry,  unlike  their  performance  when  evaluated  in  a  freely  exposed  geometry.  Suscepti¬ 
bility  to  crevice  corrosion  was  investigated  by  using  actual  crevices  formed  by  cold  rolling  melt 
spun  filaments1121,  and  also  prepared  crevices  that  were  instrumented  with  micro  pH  and 
microreference  electrodes.  This  research  provided  insight  into  the  susceptibility  of  amorphous 
Fe-Ni-Cr-P-B  alloys  to  propagation,  as  well  as  initiation  of  focalized  corrosion. 

A  second  aspect  of  the  1977-1979  research  focused  on  developing  sputtering  as  a 
technique  for  applying  amorphous  Fe-Ni-Cr-P-B  alloys  as  corrosion  resistant  coatings.  Re¬ 
search  was  conducted  in  collaboration  with  Battelle's  Northwest  Laboratories,  which  per¬ 
formed  the  sputtering,  whereas  alloy  characterization  was  performed  primarily  at  Battelle's 
Columbus  Laboratories.  High  and  low  chromium  alloys  were  sputtered  onto  substrates  at 
ambient  and  liquid  nitrogen-cooled  temperatures,  after  which  their  structure  and  corrosion 
properties  were  investigated  by  a  variety  of  experimental  techniques.  This  work  resulted  in  the 
development  of  a  procedure  for  sputtering  amorphous  alloys  that  exhibited  much  of  the 
resistance  to  focalized  corrosion  that  characterizes  their  liquid  quenched  counterparts.1111 


1979-1980  Research 

The  third  year  of  research  under  the  present  contract  was  directed  toward  changes  that 
occur  in  amorphous  chromium-containing  alloys  during  annealing  at  temperatures  up  to  the 
crystallization  temperature.  It  sought  to  determine  the  changes  in  properties,  both  mechanical 
and  chemical,  that  occur  as  a  result  of  thermally  induced  structural  relaxation.  In  particular,  it 
addressed  the  question  of  whether  the  response  of  chemical  stability  to  annealing  parallels 
that  of  mechanical  properties,  indicating  a  possible  common  cause  for  the  changes,  or 
whether  the  responses  differ  and  occur  as  the  result  of  different  types  of  annealing-induced 
relaxations. 

Naka,  et  al.1131  investigated  the  isothermal  annealing  response  of  amorphous  Fe7oCrioPi3C7 
and  FejaNMCri4Pi2Be  alloys  and  found  that  they  crystallized  in  two  stages.  The  first  phase  to 
appear  was  designated  MSI,  which  is  a  metastable  FCC  solid  solution  of  Ni,  Fe,  and  Cr  with  Ni 
as  the  major  constituent.  The  next  phase  to  appear  also  was  metastable,  designated  MSII,  and  it 
was  possibly  a  mixture  of  metal-metalloid  compounds  with  order  structures.  MSI  formed  as 
crystallites  of  50  nm  maximum  diameter,  and  MSII  nucleated  around  these  MSI  crystallites. 
After  disappearance  of  the  amorphous  phase  due  to  the  formation  of  MSI  and  MSII,  further 
transformation  resulted  in  stable  phases  by  diffusion  and  recrystallization,  and/or  decomposi¬ 
tion  of  metastable  phases.  Anodic  polarization  studies  showed  that  formation  of  MSI  lowered 
the  corrosion  potential  and  increased  the  current  density  in  the  passive  potential  range  for  the 
FesjNiaaCruPijBe  alloy.  The  current  density  in  the  active  and  passive  potential  ranges 
increased  continuously  as  MSI  and  MSII  phases  underwent  growth  by  heat  treatment  for 


increasing  time  intervals.  Appearance  of  MSII  accelerated  transpassive  corrosion,  probably 
because  it  was  enriched  in  chromium.  Results  of  other  studies114'15'  of  FewNiseCrMP^Be 
amorphous  alloy  also  showed  a  two-stage  crystallization  process.  Crystallization  was  detected 
by  differential  thermal  analysis  and  microhardness  measurements  at  —350  C  with  isothermal 
annealing.  The  first  phase,  MSI,  was  an  FCC,  Ni-rich  Ni  and  Fe  solid  solution  that  grew  by 
diffusion  control.  MSII  began  to  appear  at  an  annealing  temperature  of  about  390  C,  and  it 
grew  at  a  linear  rate  with  time.  It  probably  nucleated  at  the  phase  boundaries  between  existing 
MSI  crystals  and  the  amorphous  matrix.  It  possessed  a  metalloid/metal  ratio  of  1:3  and  thus 
was  enriched  in  metalloid  components.  However,  research  with  Fe^NUoPMBe  indicated  that 
low  temperature  (350-370  C)  annealing  produced  an  Fe3P  type  bet  structure  with  a  small 
amount  of  FCC  Ni-Fe  solid  solution  and  a  small  amount  of  cr-Fe.  Walter  and  Bartram116'  later 
concluded  that  the  metalloid  plays  an  all-important  role  in  determinng  the  nature  of  crystals 
formed  in  amorphous  alloys  containing  various  amounts  of  P  and  B. 

Research  with  Cu-Zr  amorphous  alloys1171  addressed  the  influence  of  crystal  structure  on 
corrosion  reactions.  Annealing  below  Tc  was  not  performed;  rather,  the  comparison  was 
between  the  as-quenched  amorp  ->us  and  the  fully  crystallized  structures.  Crystallization  to  a 
nearly  single  phase  produced  a  positive  shift  in  corrosion  potential,  suggesting  that  reduced 
cathodic  kinetics  account  for  the  higher  corrosion  resistance  of  the  amorphous  state. 
Crystallization  to  a  two-phase  alloy  aiso  resulted  in  a  less  electronegative  corrosion  potential 
than  that  of  the  amorphous  alloy.  The  crystalline  alloys  corroded  more  rapidly  than  their 
amorphous  counterparts,  and  the  two-phase  crystalline  material  corroded  less  rapidly  than  the 
single-phase  crystalline  alloy.  The  reduced  corrosion  rate  may  have  occurred  because  of  the 
greater  Zr  content  in  the  former  material,  since  Zr  has  a  lower  exchange  current  density  for  the 
hydrogen  reaction. 

Embrittlement  of  amorphous  alloy  FewNUoPuBe  was  found  to  occur  when  heated  above 
100  C  for  two  hours.'181  Annealing  at  325  C  and  350  C  resulted  in  phosphorus  on  the  fracture 
surfaces  at  levels  of  twice  th?f  of  the  bulk  composition.  Ion  milling  to  a  depth  of  about  6  nm 
reduced  the  phosphorus  concentration  to  near  that  of  the  bulk  alloy.  It  was  concluded  that  the 
phosphorus-enriched  regions  caused  the  embrittlement,  and  possibly  served  as  nuclei  for 
subsequent  crystallization.  Auger  analysis  of  the  melt  spun  filaments  showed  phosphorus 
enrichment  near  the  shiny  ribbon  surface.  Related  studies'191  with  amorphous  alloys 
Fe4oNi4oB20,  FesoNUoP^Be,  and  FesoNto^o  involved  ductility  measurement  by  a  simple  bend 
test.  Removal  of  phosphorus  as  a  metalloid  component  suppressed  embrittlement,  i.e.,  higher 
annealing  temperatures  were  required  to  embrittle  phosphorus-free  alloys.  It  was  concluded 
that  “replacement  of  P  by  B  inhibits  the  low-activation  processes  involved  in  the  embrittlement 
process”.  The  temperature  for  the  onset  of  embrittlement  differed  by  nearly  150  C  due  to  the 
influence  of  phosphorus. 

Microhardness  experiments  performed  with  Fe-Ni-base  amorphous  alloys  showed  two 
maxima  for  annealing  temperatures  below  about  450  C.'20'  For  the  Fe«Nieo-,P,4B6  alloys  in  the 
as-quenched  condition,  microhardness  values  were  approximately  900  Kp  mm'2.  Hardness 
maxima  were  observed  both  above  and  below  Tc,  the  crystallization  temperature,  which  was 
about  400  C,  and  the  maxima  were  higher  above  Tc.  The  appearance  of  metastable  phases  and 
their  disappearance  on  annealing  caused  the  higher  maxima;  these  phases  were  of  the  A3B 
type  and  were  isomorphous  with  Fe3P  crystal  structures.  The  appearance  of  hardness  maxima 
below  Tc  was  interpreted  as  indicating  structural  changes  in  the  amorphous  state,  and 
therefore  preceding  those  occurring  as  a  result  of  crystallization. 


The  effect  of  annealing  and  hydrogen  charging  on  fractography  of  Fe-Cr-Mo-C  alloys  was 
investigated  by  Kawashima,  et  al.<2,>  They  found  that  the  crack  velocities  and  fracture  surfaces 
of  alloys  embrittled  by  heat  treatment  were  similar  to  those  of  alloys  embrittled  by  hydrogen. 
Wallner  lines,  characteristic  of  fracture  surfaces  of  completely  brittle  solids,  were  observed  as  a 
result  of  both  annealing  and  hydrogen  charging.  However,  a  crystallized  specimen  showed  a 
granular  type  of  fracture  surface,  suggesting  intergranular  failure.  It  was  concluded  that  the 
mechanisms  of  crack  propagation  are  essentially  the  same  in  materials  embrittled  by  annealing 
and  by  hydrogen  charging. 

The  research  described  in  this  report  had  two  purposes.  One  was  to  characterize  the 
differences  in  annealing  response  of  changes  in  corrosion  properties  relative  to  changes  in 
other  properties,  primarily  mechanical.  The  second  was  to  determine  the  role  of  phosphorus 
in  influencing  both  types  of  responses.  Results  of  the  1979-1980  research  are  presented  in 
detail  in  this  report,  whereas  results  from  1977-1979  work  are  described  in  Appendices  A-C. 
The  implications  of  all  three  years  of  research  to  understanding  corrosion  of  amorphous  alloys 
are  presented  in  the  Discussion  section. 

MATERIALS  AND  PROCEDURES 


Materials 

The  alloy  compositions  used  in  this  research  are  listed  in  Table  1.  The  major  compositional 
variables  were  Cr  and  P.  The  140  alloy  obtained  from  Allied  Chemical  Corporation  is  similar 
in  composition  to  the  160  Battelle  alloy,  but  represents  material  produced  at  another 
laboratory.  The  composition  containing  12  atomic  percent  B  and  6  atomic  percent  Si  was 
evaluated  as  representative  of  a  non-phosphorus  containing  alloy.  The  V  was  present  as  an 
unintentional  impurity  that  was  introduced  through  use  of  a  ferrophosphorus  compound. 
T304  stainless  steel  was  included  as  an  example  of  a  commercial  stainless  steel.  Incoloy  800  was 
evaluated  because  the  Fe,  Ni,  and  Cr  levels  approximated  those  in  the  16  atomic  percent 
Battelle  alloy,  but  they  were  present  in  a  crystalline  rather  than  an  amorphous  structure.  Thus, 
the  combined  effect  of  these  three  elements  in  the  approximate  concentrations  and  ratios 
present  in  Incoloy  800  could  be  studied  in  both  crystalline  and  amorphous  alloys. 

The  Battelle  alloys  were  first  cast  into  pancake-shaped  ingots  by  conventional  casting 
techniques  involving  induction  melting  of  pure  components  in  a  controlled  atmosphere.  Next, 
30-gram  portions  from  each  of  the  crystalline  ingots  were  removed  and  melt  spun  into 
amorphous  filaments.171  Compositions  were  verified  by  wet  chemical  analysis.  Structures  were 
characterized  by  differential  scanning  calorimetry  (DSC),  X-ray  diffraction  (XRD),  and  in  some 
cases,  by  transmission  electron  microscopy  (TEM)  of  thin  foils. 


TABLE  1.  COMPOSITIONS  OF  ALLOYS  USED  IN  RESEARCH  PROGRAM 


Procedures 


Annealing 

Filaments  were  sealed  into  evacuated  quartz  ampoules  and  annealed  isothermally  in  a 
tube  furnace.  An  ampoule  was  inserted  into  the  center  of  the  preheated  furnace,  and  the 
temperature  (monitored  by  a  thermocouple  placed  next  to  the  ampoule)  was  allowed  to 
return  to  the  set  value.  When  it  was  within  about  5  C  of  the  set  value,  the  time  interval  for  the 
anneal  was  begun.  At  the  end  of  the  interval,  which  in  most  cases  was  one  hour,  the  ampoule 
was  removed  from  the  furnace  and  cooled  in  air,  after  which  it  was  broken  open  and  the 
contents  removed. 

Ductility  was  measured  by  bending  the  filaments  in  the  shape  of  a  U  between  parallel  glass 
plates  which  were  mounted  on  the  jaws  of  a  small  pin  vise.  The  jaws  were  slowly  closed  until 
the  filament  fractured,  at  which  point  the  plate  separation  was  carefully  measured  with  a 
micrometer.  Usually  at  least  three  fracture  measurements  were  made  for  a  given  specimen 
condition.  Care  was  taken  to  ensure  that  the  same  ribbon  surface,  either  shiny  or  dull,  was 
maintained  outward  during  a  series  of  measurements,  as  this  factor  was  found  to  influence 
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results.  Ductility  was  measured  as  the  strain,  y,  in  the  outer  fiber  surface,  which  is  given  by  the 
equation 


in  which  2r  is  the  plate  separation  distance  and  t  is  the  filament  thickness.  The  strain  at  fracture, 
y,,  was  used  as  a  measure  of  ductility.  It  should  be  mentioned  that  this  equation  is  strictly  valid 
only  before  yielding  occurs,  but  it  also  provides  a  useful  approximation  of  strain  at  small  plastic 
strains. 

XRD  measurements  were  performed  with  a  Siemens  unit  at  an  angular  scan  rate  of  one 
degree  per  minute.  The  instrument  was  first  calibrated  against  a  gold  standard,  and  CrKa 
radiation  was  used  for  all  measurements. 

Vickers  hardness  measurements  were  made  on  the  shiny  surfaces  of  filaments  that  were 
glued  to  glass  slides.  A  very  thin  layer  of  glue  was  used,  and  its  presence  did  not  substantially 
affect  the  hardness  transitions  that  were  being  evaluated.  Indenter  loads  from  20  to  100  g  were 
investigated,  and  a  load  of  50  g  was  adopted  for  all  subsequent  hardness  measurements. 

Corrosion  behavior  was  evaluated  primarily  by  potentiodynamic  polarization,  as  de¬ 
scribed  previously.191  Some  experiments  involved  potentiodynamically  polarizing  electrodes  to 
predetermined  potentials  and  recording  the  current-time  response.  Some  gravimetric  mea¬ 
surements  also  were  performed,  in  which  the  weight  losses  of  preweighed  filaments  were 
determined  after  exposure  in  FeCb  solution  in  open  beakers  for  many  hours. 


RESULTS 


X-Ray  Diffraction 

Essentially  no  changes  in  XRD  data  were  observed  for  amorphous  Fe32Ni3eCri4Pi28#  alloy 
as  a  result  of  annealing  to  375  C  for  one  hour,  as  shown  in  Figure  1.  A  one-hour  anneal  at  400  C 
(data  not  shown)  did  result  in  several  X-ray  intensity  peaks  that  could  be  indexed  with  those  of 
MSI,  namely,  an  FCC  solid  solution  of  FeNi.  No  other  phases  were  detected. 

Annealing  at  425  C  resulted  in  a  series  of  diffraction  peaks  corresponding  to  either  of  two 
crystalline  phases.  MSI,  an  FeNi  solid  solution  and  probably  also  containing  Cr'14,19’,  with  a  = 
0.36  nm  appeared  as  indicated  by  the  three  diffraction  peaks.  (Additional  peaks,  not  shown  in 
Figure  1,  were  detected  at  smaller  28  values  with  CuKa  radiation.)  Also  present  were  peaks 
corresponding  approximately  to  the  NijP-type  compound  designated  MSII.114,19’  In  the 
Metglas  alloy  system  MSII  probably  has  a  general  composition  of  the  type  (Ni,Cr,Fe)3(P,B).  The 
final  equilibrium  stage,  Sill,  presumably  was  not  present  because  higher  annealing  temper¬ 
atures  are  required  for  its  formation.1141 

The  effects  of  annealing  alloy  Fe32Ni3«Cri4Si«Bi2  are  shown  in  Figure  2.  Fewer  diffraction 
peaks  are  present  for  this  non-phosphorus  containing  alloy,  relative  to  Metglas  2826A  depicted 
in  Figure  1.  The  peaks  developed  at  an  anr  ->aling  temperature  between  400  and  500  C  and  their 
positions  correspond  to  an  FeNi-type  of  compound  with  a  *  0.36  nm.  This  phase  is  probably  the 


FIGURE  1.  X-RAY  DIFFRACTION  RESULTS  FROM  Fe32Ni3«Cri4Pi2B«  ANNEALED  FOR  ONE 
HOUR  AT  VARIOUS  TEMPERATURES  (Cr  Ka  RADIATION) 

Alloy  was  commercial  Metglas  2826A. 


FIGURE  2.  X-RAY  DIFFRACTION  RESULTS  FROM  Fe32NiMCr,4$i6Bi2  ANNEALED  FOR  ONE 
HOUR  AT  VARIOUS  TEMPERATURES  (Cr  Ka  RADIATION) 

Alloy  was  prepared  at  Battelle. 


counterpart  of  MSI  found  in  Metglas  2826A.  Peaks  suggestive  of  an  MSII  phase,  in  which  the 
metalloid  content  of  the  (Ni,Cr,Fe)3(P,B)-type  compound  consists  only  of  Si  and/or  B,  were  not 
detected. 


X-ray  diffraction  data  taken  from  as-cast  ingots  of  compositions  identical  to  those  of  the 
P-and  Si-containing  described  above  consisted  of  numerous  peaks  that  could  not  be  identified 
with  certainty.  It  appears  that  an  FeNi-type  solid  solution  compound  was  present  in  both  ingot 
compositions,  but  other,  less  readily  identifiable  phases  were  also  detected.  Complicated 
structures  for  Sill  are  anticipated,  based  on  the  previous  work  by  von  Heimendahl  and 
Maussner.114' 


Differential  Scanning  Calorimetry 

Differential  scanning  calorimetry  (DSC)  data,  Table  2,  for  Fea2NiMCri4Pi2Be  showed  two 
exothermic  peaks  corresponding  to  the  formation  of  MSI  and  MSII  phases.  The  temperatures 
at  which  these  phases  began  to  form  are  404  and  442  C,  in  reasonable  ageement  with  those 
measured  in  another  investigation. <141  The  heats  of  reaction,  6.3  and  7.3  cal/g  for  MSI  and  MSII, 
respectively,  were  of  comparable  magnitude.  An  amorphous  alloy  of  composition 
FesiNiwCriaPisBa  and  prepared  by  sputtering  showed  only  one  exothermic  peak,  unlike  the 
melt  spun  alloy  of  similar  composition.  Alloy  Fe32Ni3«Cri4SieB12  produced  only  one  exothermic 
peak  at  a  temperature  of  526  C  and  with  an  enthalpy  of  8.0  cal/g.  This  temperature  is 
substantially  greater  than  that  for  MSI  of  Fe32Ni3aCr,4Pi2B*,  indicating  greater  thermal  stability 
toward  crystallization  of  the  P-free  alloy. 


TABLE  2.  RESULTS  OF  DIFFERENTIAL  SCANNINC 
CALORIMETRY  MEASUREMENTS1*’ 


Alloy  Composition 

Transition 

Temperatures, 

°C 

A  H, 

cal/g 

Fe32Ni3*Cri4Pi*B« 

404 

6.3 

442 

7.3 

Fe32Ni3*Cri4SieBi2 

526 

8.0 

FesiNiaoCrieVaPisB* 

(sputtered) 

467 

8.7 

(a)  Temperature  scan  rate  *  5  C/min. 
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Ductility  Measurements 

Figure  3  shows  the  variation  of  fracture  strain,  y»,  of  Fe3aNis«Crt4Pt2B«  with  annealing 
temperature  during  room  temperature  bend  testing.  Fracture  occurred  at  highe*'  strains  if  the 
convex  surface  of  the  specimen  was  the  shiny  (air  side)  surface;  the  difference  in  ductility  was 
small  at  large  fracture  strains,  but  it  became  substantially  greater  as  the  degree  of  embrittle* 
ment  increased.  Embrittlement  became  detectable  in  the  temperature  range  100-200  C  and 
resulted  in  a  substantial  loss  in  ductility.  It  progressed  more  slowly  in  the  temperature  range 
200-500  C  and  was  nearly  complete  at  500  C.  The  transition  in  -mbrittlement  was  relatively 
uniform  and  did  not  indicate  the  concurrent  phenomenon  of  crystallization  of  metastable 
phases.  The  shiny  side  of  Fe3jNi3eCri«SieBi2  filaments  also  showed  a  slower  rate  of  embrittle* 
ment,  Figure  4.  Variability  between  behavior  of  the  two  surfaces  was  greater  in  the  lower 
temperature  range  than  that  observed  with  Fe32Ni3«Cr,4Pi2Be.  Embrittlement  (measured  with 
the  shiny  surface  outward)  initiated  in  the  temperature  range  400-500  C,  or  300  C  higher  than 
that  of  the  P-containing  alloy.  It  proceeded  over  a  relatively  narrow  temperature  range  of 
about  100  C  and  was  nearly  complete  at  500  C. 

Fe3iNi3oCr,#V2Pi5Be  was  evaluated  to  determine  the  degree  to  which  alloy  preparation  at 
another  laboratory,  namely  Battelle,  under  presumably  somewhat  different  quenching  condi¬ 
tions  influenced  embrittlement  behavior.  The  results  shown  in  Figure  5  indicate  a  higher 
temperature  range  for  rapid  embrittlement  relative  to  that  for  Fe32Ni3eCri4Pi2Be  by  about 
100  C,  followed  by  embrittlement  to  a  minimum  y*  of  about  0.008.  Because  of  unintentional 
differences  in  composition  between  the  two  alloys,  closer  comparison  of  embrittlement 
response  is  not  appropriate. 

Figure  6  shows  that  the  ductility  of  the  as-sputtered  deposit  of  Fe3iNi3oCr,aV2P,sBe  was 
0.038,  which  was  substantially  less  than  the  fracture  strain  of  1.0  for  this  alloy  prepared  by  melt 
spinning  (Figure  5).  Embrittlement  of  the  alloy  was  virtually  complete  at  an  annealing 
temperature  of  300  C,  whereas  the  melt  spun  filament  was  not  fully  embrittled  at  this 
temperature.  Also,  the  degree  of  embrittlement  of  the  deposit  was  slightly  greater,  y<  -  0.004  as 
compared  to  y»  =  0.006  for  the  melt  spun  alloy. 

The  transition  in  fractographic  behavior  caused  by  annealing  is  presented  in  Figure  7  for 
Fe32NiMCr,4Pi2B«.  The  fracture  surface  of  the  as-cast  alloy,  Figure  7a,  shows  evidence  of  a 
vein-like  pattern  caused  by  shear  rupture  resulting  from  plastic  instability.  The  larger  features 
surrounding  the  central  veined  region  may  have  resulted  from  a  fatigue  effect  caused  by 
bending  the  specimen  to  induce  fracture.  Figure  7b  shows  that  annealing  at  300  C  virtually 
eliminated  the  vein  pattern,  presumably  the  result  of  embrittlement.  The  features  in  Figure  7c 
are  less  pronounced,  indicative  of  a  greater  contribution  of  brittle  cleavage  fracture  caused  by 
annealing  at  a  higher  temperature  of  375  C.  Higher  temperature  anneals  resulted  in  fracture 
surfaces  (not  shown)  that  exhibited  very  few  features  except  brittle  cleavage  facets. 

The  influence  of  annealing  on  the  fractography  of  Fe32Ni3*Cri4Si«Bt2  is  shown  in  Figure  8. 
Features  indicative  of  substantial  deformation  are  evident  in  Figure  8a  for  as-cast  alloys, 
although  no  vein-like  structures  could  be  found.  Ductile  behavior,  including  features 
suggestive  of  a  vein-like  feature,  was  evident  in  Figure  8b,  representing  a  400  C/2  hour  anneal. 
A  granular  appearance  is  evident  in  Figure  8c,  corresponding  to  a  600  C/1  hour  anneal,  and  is 
reminiscent  of  intergranular  fracture. 


FIGURE  3.  FRACTURE  STRAIN  VERSUS  ANNEALING  TEMPERATURE  FOR  FeuNiMCriaPizR* 


Measurements  were  made  with  both  shiny  and  dull  surfaces  in  tension 
during  bending. 
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FIGURE  4.  FRACTURE  STRAIN  VERSUS  ANNEALING  TEMPERATURE  FOR  FesaNiwCritSieBia 


Measurements  were  made  with  both  shiny  and  dull  surfaces  in  tension 
during  bending. 
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FIGURE  5.  FRACTURE  STRAIN  VERSUS  ANNEALING  TEMPERATURE  FOR  FesiNfeoCrieVzPisBe 


Measurements  were  made  with  shiny  surface  in  tension.  Alloy  was  prepared 
at  Battelle. 
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FIGURE 


>.  FRACTURE  STRAIN  VERSUS  ANNEALING  TEMPERATURE  FOR  FesiNhoCrieVaPigBe 
PREPARED  BY  SPUTTERING 

Measurements  were  made  with  the  surface  that  was  originally  in  contact  with  the 
substrate  in  compression.  Alloy  was  sputtered  at  Battelle  Northwest  Laboratories. 
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FIGURE  8.  SEM  PHOTOGRAPHS  OF  FRACTURE  SURFACES  OF  FeszNiMCruSieB^  IN  THE 
FOLLOWING  CONDITIONS:  (a)  AS  CAST;  (b)  ANNEALED  AT  400  C  FOR  ONE 
HOUR;  (c)  ANNEALED  AT  600  C  FOR  ONE  HOUR 
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Microhardness  Measurements 

Vickers  hardness  versus  annealing  temperature  is  shown  in  Figure  9  for  Fe32Ni3«Cri4Pi2B6 
alloy.  A  sharp  increase  in  microhardness  occurred  in  the  temperature  range  from  375  to  425  C. 
This  transition  temperature  range  is  about  275  C  higher  than  that  in  which  ductility  decreased 
sharply,  as  evident  from  Figure  3.  The  hardness  reached  a  plateau  range  of  about  1000  to  1050 
at  temperatures  from  425  to  500  C;  higher  annealing  temperatures  were  not  investigated. 

It  was  not  possible  to  determine  the  Vickers  hardness  of  alloy  Fe32Ni3eCri4$ieBi2  because 
the  melt  spun  filaments  were  too  thin  (~20  //m)  and  very  narrow. 


Corrosion  Measurements 

Tables  3  and  4  list  the  results  of  corrosion  rate  measurements  obtained  gravimetrically 
after  exposing  filaments  in  open  beakers  filled  with  10  percent  FeCb  solution.  The 
Fe32Ni36Cri4Pi2B8  alloy  corroded  at  extremely  low  rates  until  annealed  at  425  C,  above  which 
the  corrosion  rate  (extrapolated  to  an  annual  rate)  exceeded  about  400  fjm/year. 
Fe32Ni36Cri4Si6Bi2  exhibited  a  higher  corrosion  rate  in  the  as-cast  state,  namely,  140^m/yr,  but 
this  rate  decreased  as  a  result  of  annealing  in  the  temperature  range  from  22  to  about  300  C. 
Anneals  at  400  C  and  above  resulted  in  rates  that  exceeded  240  yum/year,  the  upper  limit  of 
detectability  for  a  specimen  consumed  in  a  168-hour  exposure  period. 


TABLE  3.  CORROSION  RATES  OF 

Fe32Ni36Cri4Pi2B6  IMMERSED  IN 
10%  FeCI3  SOLUTION  AT 
22  C  FOR  168  HOURS 


Annealing 

Treatment 

Extrapolated 
Corrosion  Rate, 
/rm/yr 

None  (as  cast) 

0 

100 

C/1 

Hour 

0 

200 

C/1 

Hour 

0 

300 

C/1 

Hour 

0 

375 

C/1 

Hour 

0 

425 

C/1 

Hour 

368, 

406 

460 

C/1 

Hour 

401, 

423 

500 

C/1 

Hour 

415, 

432 

TABLE  4.  CORROSION  RATES  OF 

FeaiNiaeCrwSieBiz  IMMERSED  IN 
10%  FeCI3  SDOLUTION  AT 
22  C  FOR  168  HOURS 


Annealing 

Treatment 

Extrapolated 
Corrosion  Rate, 
/um/yr 

None  (as  cast) 

140 

100  C/1  Hour 

39 

200  C/1  Hour 

8 

300  C/1  Hour 

85,  137 

400  C/1  Hour 

>240'*' 

500  C/1  Hour 

>240"" 

600  C/1  Hour 

>240' 111 

(a)  Specimen  partially  disin: curated  during  the 
168- hour  exposure. 


Vickers  Hardness 


8 


FIGURE 


Annealing  Temperature, °C 


I.  VICKERS  HARDNESS  VERSUS  ANNEALING  TEMPERATURE  FOR  FessNbeCrwPizB#. 
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The  influence  of  annealing  on  anodic  polarization  in  NaCI  electrolyte  is  shown  in  Figure 
10  for  Fe32Ni36Cri4P,2Be.  The  alloy  was  spontaneously  passive  in  the  as-cast  state  and  after 
annealing  at  temperatures  to  375  C,  with  a  passive  current  density,  ip,  of  about  10"*  A/cm2. 
Slight  transpassive  dissolution  of  chromium  is  evident  at  about  -0.9  V(SCE),  followed  by 
secondary  passivation  and  finally,  pitting  and  oxygen  evolution  at  potentials  above  1.2  V(SCE). 
Annealing  at  425  C  and  higher  decreased  the  critical  pitting  potential,  Ecp;  annealing  at  425  C 
produced  an  Ecp  of  0.15  V(SCE),  and  at  460  C  Ecp  was  0.0  V(SCE).  Alloys  annealed  at  425  C  and 
above  also  exhibited  several  inflections  in  anodic  current  after  the  onset  of  pitting,  suggestive 
of  quasi-passivation  of  one  phase  within  the  alloy  followed  by  dissolution  of  another  phase  at 
slightly  higher  potentials. 

The  ingot  did  not  exhibit  passivity  over  any  potential  range,  but  instead  underwent  active 
dissolution  accompanied  by  copious  pitting  at  all  potentials. 

A  potential  of  0.30  V(SCE)  was  arbitrarily  selected  as  being  in  the  passive  potential  range  of 
polarization  behavior,  and  the  anodic  current  densities  measured  at  this  potential  were 
plotted  as  a  function  of  annealing  temperature,  Figure  11.  Passivity  appeared  to  be  enhanced 
by  annealing  at  375  C,  as  suggested  by  the  lower  current  density  relative  to  that  of  the  alloy; 
however,  passivity  was  substantially  degraded  by  annealing  at  425  C  and  above. 

Fe32Ni36Cri4Pi2B8  exhibited  spontaneous  passivity  in  1  M  NaCI  in  the  as  cast  condition,  but 
it  underwent  pitting  at  potentials  above  0.40  V(SCE),  Figure  12.  The  passive  current  density  was 
about  4,10~6  A/cmz.  Annealing  at  200  C  introduced  an  active  region  between  -0.50  and  -0.33 
V(SCE),  followed  by  passivity  in  the  current  density  range  from  2  to  4-10"6  A/cm2.  Ecp  was  not 
affected.  However,  annealing  at  300  C  and  above  decreased  Ecp  and  increased  ip.  The 
dependence  of  these  variables  on  annealing  temperature  was  not  uniform;  e.g.,  a  400  C  anneal 
produced  an  ip  that  exceeded  that  produced  by  300  and  500  C  anneals.  The  ingot  underwent 
continuous  active  dissolution  at  all  anodic  potentials. 

If  0  V(SCE)  is  selected  as  a  typical  passive  potential  for  Fe32Ni36Cri4Si6Bi2  and  current 
densities  at  this  potential  are  plotted  in  a  manner  analogous  to  Figure  11,  then  the  behavior 
shown  in  Figure  13  becomes  apparent.  An  increase  in  current  density  occurred  at  annealing 
temperatures  above  200  C;  at  and  below  temperatures  of  400  C  the  anodic  current  reflected 
passive  corrosion,  whereas  at  500  C  and  above  it  was  caused  by  pitting.  The  transition  in 
current  density  versus  annealing  temperature  was  less  rapid  for  Fe32Ni36Cri4Si6Bi2  alloy  than 
for  Fe32Ni36Cri4Pi28e. 


The  induction  times  for  pitting  of  Fe32Ni36Cri4Pi2B6  in  1  M  NaCI  are  shown  in  Figure  14.  As 
cast  filament  and  filaments  annealed  to  375  C  did  not  experience  sudden  current  increases, 
indicative  of  breakdown  of  passivity,  during  polarization  for  times  exceeding  100  seconds.  The 
breakdown  times  for  alloys  annealed  at  425,  460,  and  500  C  were  9,  3,  and  <1  second, 
respectively.  The  current  densities  went  through  a  maximum  that  was  proportional  to  the 
annealing  temperatures,  but  they  never  repassivated.  Microscopic  examination  of  the  surfaces 
of  the  specimens  polarized  as  shown  by  Figure  14  did  not  reveal  any  pits.  Apparently,  the 
localized  attack  giving  rise  to  the  high  anodic  current  was  on  a  submicron  scale  and  resembled 
fine  etching  more  than  classical  pitting  corrosion. 


Potential ,  V  (SCE) 


Anodic  Currant  Density,  A/cm2 


FIGURE  10.  POTENTIAL  VERSUS  ANODIC  CURRENT  DENSITY  FOR  FessNiseCrisPtsBe 
ANNEALED  FOR  ONE  HOUR  AT  THE  TEMPERATURES  INDICATED,  THEN  POLAR¬ 
IZED  IN  1  M  NaCl  AT  pH  7 
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FIGURE  11.  ANODIC  CURRENT  DENSITY  AT  0.30  V(SCE)  (FROM  FIGURE  10)  VERSUS 
ANNEALING  TEMPERATURE  FOR  FessNbeCrwPizBe 


FIGURE  12.  POTENTIAL  VERSUS  ANODIC  CURRENT  DENSITY  FOR  FeazNbeCr.jSieBi; 

ANNEALED  FOR  ONE  HOUR  AT  THE  TEMPERATURES  INDICATED,  THEN 
POLARIZED  IN  1  M  NaCI,  pH  7 


i  l 

i  i  ! 
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Annealing  Temperature  °C 


FIGURE  13.  ANODIC  CURRENT  DENSITY  AT  0.00  V(SCE)  (FROM  FIGURE  12)  VERSUS 
ANNEALING  TEMPERATURE  FOR  FeazNheCrKSieB^ 


2‘ 


FIGURE  14.  ANODIC  CURRENT  DENSITY  VERSUS  TIME  OF  POLARIZATION  AT  0.30  V(SCE)  IN 
1  M  NiCIf  pH  7,  FOR  FeaaNiaeCr^PizBe 

Annealing  treatments  were  performed  for  one  hour  at  the  temperatures 
indicated. 
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DISCUSSION 


Annealing 

(1979-1980  Research) 

Data  obtained  by  XRD  and  DSC  verified  that  the  Fe32NiMCri4Pi8Be  alloy  (commercial 
Metglas  2826  A)  crystallized  in  a  manner  previously  described.  ,13'1S>  The  metastable  crystalline 
phase  MSI  appeared  at  400  C  after  one  hour,  but  both  MSI  and  a  second  metastable  crystalline 
phase,  MSN,  were  detected  after  annealing  at  425  C  and  higher.  However,  when  the  P  in  this 
alloy  was  substituted  by  Si  and  B,  as  in  Fe32Nt3aCri4SieBi2,  only  MSI  was  detected,  and  this 
phase  appeared  between  400  and  500  C.  It  is  not  clear  why  the  sputtered  P-containing  alloy, 
FesiNisoCrioVaPisBe,  showed  only  one  transition  peak  (Table  2);  this  issue  was  not  central  to 
the  study  and  hence,  it  was  not  pursued. 

Comparison  of  Figures  1  and  3  indicates  that  embrittlement  of  Fe32Ni3eCr14Pi2B6  preceded 
the  onset  of  crystallization,  as  measured  by  XRD  and  DSC.  The  first  crystalline  phase  to  appear 
in  this  alloy,  MSI,  was  detected  at  temperatures  of  400  C  and  above,  embrittlement,  as 
characterized  by  a  sharp  decrease  in  fracture  strain  during  bending,  appeared  at  an  annealing 
temperature  between  100  and  200  C.  This  low  temperature  embrittlement  is  in  qualitative 
agreement  with  the  results  of  Luborsky  and  Walter11®1,  who  demonstrated  that  the  presence  of 
phosphorus  in  amorphous  metal-metalloid  alloys  causes  embrittlement  at  temperatures  as  low 
as  100  C.  Conversely,  removal  of  phosphorus  increased  the  embrittlement  temperature  to 
225  C.  As  suggested  by  Pampillo1221,  it  is  likely  that  the  phosphorus  segregated  to  hetero¬ 
geneous  sites  within  the  filaments,  such  as  voids  formed  during  casting,  and  thereby  provided 
an  active  path  for  brittle  crack  propagation  during  bending,  as  indicated  by  the  presence  of 
phosphorus  on  fracture  surfaces  of  embrittled  P-containing  alloys.1181  The  appearance  of 
crystalline  phases  at  temperatures  above  400  C  did  not  alter  the  relatively  smooth  decrease  in 
Y i  with  annealing  temperature.  This  smooth  transition  in  /,  indicates  that  embrittlement  was 
probably  less  affected  by  the  appearance  of  crystalline  phases  than  by  phosphorus  segregation 
preceding  and  accompanying  crystallization. 

It  is  not  clear  why  filaments  bent  with  the  shiny  (air-side)  surface  in  tension  showed  higher 
ductility  than  those  bent  with  the  dull  (wheel-side)  surface  in  tension.  One  could  logically 
expect  the  reverse  to  be  true,  because  it  has  been  shown  that  phosphorus  enrichment  occurs 
during  casting  near  the  shiny  filament  surface  in  Fe4oNi4oPi4B«,  and  to  a  depth  exceeding  360 
nm.'181  Since  phosphorus  promotes  embrittlement,  it  might  be  expected  that  the  shiny  surface 
would  have  been  more  brittle.  It  is  not  known  whether  other  effects,  such  as  residual  stresses 
resulting  from  the  casting  process,  contributed  to  this  difference  in  behavior  between  the  two 
surfaces. 

Removal  of  phosphorus  from  the  alloy  and  substitution  by  Si  and  B  yielded  alloy 
Fe32Ni3oCri4SieBi2.  Phosphorus  removal  shifted  the  embrittlement  temperature  range  to  that 
coinciding  with  the  appearance  of  MSI,  which  was  detected  after  one  hour  anneals  between 
400  and  500  C.  For  this  alloy  the  embrittlement  reaction  was  not  associated  with  segregation, 
but  apparently  it  was  caused  by  the  appearance  of  a  crystalline  phase  in  the  amorphous  matrix. 
This  phase  appeared  to  be  a  NiFe  solid  solution  similar  to  that  observed  in  Fe32Ni3eCri4Pi2Be. 
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The  higher  embrittlement  temperature  measured  for  FesiNiaoCrieVjPisB*.  prepared  at 
Battelle  by  melt  spinning  for  earlier  research17'*’,  may  have  resulted  from  as-yet  uncharacter¬ 
ized  differences  between  quenching  conditions.  Such  parameters  as  quench  rate,  filament 
thickness,  wheel  finish,  and  other  factors  may  introduce  structural  and/or  stress-related  differ¬ 
ences  into  strip  that  subsequently  influence  annealing  response.  Although  the  compositions  of 
Metglas  2826A  and  the  alloy  prepared  at  Battelle  were  not  identical,  the  similar  phosphorus 
concentrations  should  have  eliminated  compositional  differences  as  the  sole  cause  of  the 
difference  in  embrittlement  behavior. 

The  embrittlement  response  to  annealing  was  reflected  in  the  fractography  of 
Fe32Ni36Cr,4Pi2B*,  Figure  7.  Embrittlement  of  amorphous  alloys  has  also  been  shown  to  be 
caused  by  annealing1”',  hydrogen  charging123,24',  and  by  hydrogen  introduced  by  corrosion129’. 
In  all  instances  the  vein-like  pattern  characteristic  of  the  amorphous  structure  is  gradually 
replaced  by  features  resembling  chevron  or  cleavage  markings  as  embrittlement  proceeds. 
Extremely  brittle  alloys  exhibit  fewer  features  and  on  a  much  smaller  scale,  indicative  of  the 
smaller  degree  of  plastic  flow  accompanying  fracture.  Occasionally  Wallner  lines  are  observed 
on  brittle  fracture  surfaces'29';  such  features  are  characteristic  of  fracture  of  completely  brittle 
solids,  such  as  inorganic  glasses  and  ceramics.  No  Wallner  lines  were  found  on  fracture 
surfaces  of  materials  examined  during  this  research,  perhaps  suggesting  that  the  degree  of 
embrittlement  was  not  sufficient  to  result  in  their  formation  during  fracture. 

Concerning  Fe32Ni3«Cri4Si«B,2  alloy,  some  ductility  was  evident  on  the  fracture  surface 
corresponding  to  a  400  C/1  hour  anneal.  Figure  8b.  The  fracture  morphology  corresponding  to 
a  600  C/1  hour  anneal  was  very  rough,  possibly  indicating  an  intergranular  component  of 
fracture. 

Unlike  changes  in  fracture  morphology,  which  paralleled  embrittlement,  microhardness 
was  relatively  unaffected  by  embrittlement.  Stubicar'20'  observed  two  hardness  maxima  for 
amorphous  alloys,  one  in  the  amorphous  temperature  range  and  one  at  the  crystallization 
temperature,  about  400  C.  However,  in  the  present  study  a  hardness  maximum  was  observed 
only  during  crystallization,  and  it  was  undoubtedly  caused  by  the  appearance  of  MSI  and/or 
MSII  phases.  It  is  proposed  that  analogous  behavior  would  have  been  observed  for  the 
Fe32Ni36CrnSieBi2  alloy,  had  hardness  measurements  been  possible,  since  FeaoS^Bis  alloy  has 
been  shown  to  experience  a  hardness  peak  during  crystallization.'20' 

Examination  of  Tables  3  and  4  clearly  shows  that  crystallization  decreased  the  degree  of 
passivity  attained  by  the  two  alloys  being  investigated.  Conversely,  embrittlement  exerted  no 
detectable  effect  on  corrosion  behavior.  The  higher  corrosion  rate  of  Fe32Ni3oCri4SieBi2  in  the 
amorphous  state  can  be  attributed  to  the  decrease  of  phosphorus  which,  when  present, 
enhances  incorporation  of  protective  chromium  oxyhydroxide  in  the  passive  films.'*'  The 
increase  in  corrosion  rate  at  300  C  for  this  alloy  suggests  either  that  compositional  fluctuations 
immediately  preceding  crystallization  can  be  important,  or  else  that  crystallization  actually 
began  at  about  300  C  but  was  not  detected  by  XRD  (see  Figure  2)  until  a  substantially  higher 
annealing  temperature  was  employed.  The  good  agreement  between  Figures  2  and  4.  relative 
to  crystallization  phenomena,  suggests  that  structural  and/or  compositional  changes  that 
preceded  crystallization  were  influential  in  decreasing  the  degree  of  passivity  of  the 
Fe32Ni3eCri4SieBi2.  Research  with  STEM  would  help  to  resolve  the  question  of  whether  the 
decrease  in  corrosion  resistance  observed  at  300  C,  Table  4.  is  indeed  a  precrystallization 
phenomenon. 
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Anodic  polarization  verified  the  increase  in  anodic  reactivity  as  a  result  of  annealing. 
Figure  10  shows  that  the  passive  current  density  was  not  largely  affected  by  crystallization,  but 
rather,  crystallization  reduced  the  critical  pitting  potential,  Ecp.  The  shift  in  Ecp  was  from  about 
1.2V  (SCE)  for  a  375  C  anneal  to  about  0  V(SCE)  for  a  500  C  anneal,  a  total  shift  of  1.2  volts.  As 
shown  in  Figure  11,  at  a  typical  passive  potential  of  0.30  V(SCE)  a  sharp  increase  in  anodic 
current  density  occurred  as  a  result  of  annealing  at  425  C  and  higher.  The  transition  in  anodic 
current  was  more  gradual  for  Fe32Ni3eCri4Si6B,2,  as  evident  in  Figure  14,  and  it  began  in  the 
temperature  range  between  200  and  300  C.  In  this  alloy  the  crystalline  phase  was  exclusively 
MSI,  and  thus  it  must  be  concluded  that  formation  of  this  phase  is  sufficient  to  reduce  the 
integrity  of  the  passive  film  developed  during  polarization.  If  MSI  were  deficient  in  chromium, 
as  proposed113’,  then  it  would  be  expected  that  its  presence  would  constitute  weak  points  (in 
the  form  of  Cr-deficient  regions)  in  the  passive  film  that  lead  to  easy  electrochemical 
breakdown  followed  for  pitting.  The  very  small  size  of  the  precipitates,  several  tens  of  nm, 
prevented  the  verification  of  this  hypothesis  with,  e.g.,  AES  analysis  of  pitted  regions; 
nevertheless,  the  appearance  of  chromium-deficient  crystallites  is  proposed  to  account  for  the 
easy  breakdown  of  passivity.  The  decreasing  induction  times  for  pit  initiation  shown  in  Figure 
14  would  be  anticipated  according  to  the  hypothesis,  and  would  form  larger  and  better- 
developed  crystallites  for  pit  initiation  at  higher  annealing  temperatures. 


Summary 

Annealing  of  an  amorphous  alloy  containing  P  and  Cr  below  the  crystallization  temper¬ 
ature,  Tc,  resulted  first  in  embrittlement,  probably  caused  by  segregation  of  phosphorus  to 
internal  defect  sites.  No  evidence  of  crystallization  was  detected  by  conventional  XRD,  and  no 
decrease  in  the  passive  nature  of  the  alloy  occurred.  Annealing  near  Tc  produced  two 
metastable  phases,  which  appeared  to  be  face  centered  cubic  NiFe  solid  solution  (MSI)  and  a 
body  centered  tetragonal  compound  of  the  general  composition  (Fe,Ni,Cr)3  (P,B).  Crystalliza¬ 
tion  was  accompanied  by  a  substantial  decrease  in  corrosion  resistance,  presumably  the  result 
of  introducing  chromium-deficient  flaws  into  the  otherwise  protective  passive  film.  Removal 
of  P  from  the  alloy  and  substitution  with  Si  and  additional  B  eliminated  embrittlement  prior  to 
the  onset  of  crystallization.  Crystallization  decreased  corrosion  resistance  for  the  same  reason 
as  for  the  P-containing  alloy.  Thus,  crystallization  and  not  low  temperature  segregation  of 
phosphorus  is  necessary  to  decrease  the  corrosion  resistance  of  this  alloy  class. 


Localized  Corrosion 
(1977-1979  Research) 


The  results  of  earlier  research  concerning  localized  corrosion  of  amorphous  alloys  are 
documented  in  Appendices  A,  B,  and  C  (References  9-11),  as  well  as  in  References  7  and  8. 


Summary  of  1977-1979  Research 

The  primary  reason  for  investigating  crevice  corrosion  susceptibility  of  amorphous  alloys 
was  to  differentiate  between  initiation-related  and  propagation-related  corrosion  behavior.  It 
was  reasoned  that  crevices  would  provide  ready-made,  or  artificial  sir  '  for  initiation  of 


localized  attack,  sites  which  do  not  exist  on  freely  exposed  amorphous  alloy  surfaces  because 
of  the  very  homogeneous  nature  of  the  alloy  structure.  Measurement  of  susceptibility  to 
crevice  corrosion  would  help  to  determine  whether  the  corrosion  resistance  exhibited  by 
these  alloys  extends  to  propagation  as  well  as  initiation  phenomena. 

Anodic  potentiodynamic  polarization  curves  showed  that  crevice  corrosion  should 
logically  be  expected  to  occur:  the  alloys  exhibited  enhanced  corrosion  at  reduced  electrolyte 
pH  such  as  would  be  expected  to  develop  during  occluded  cell  corrosion,  thus  ensuring  some 
degree  of  stability  of  active-passive  cells  on  specimen  surfaces.  However,  the  very  corrosive 
conditions  that  are  required  to  produce  corrosion  of  these  alloys  at  sensible  rates  indicated 
that  the  degree  of  susceptibility  to  crevice  corrosion  would  be  considerably  less  than  that  of 
many  crystalline  steels  of  similar  chromium  content  under  similar  exposure  conditions. 
Subsequent  experiments  confirmed  these  predictions.  Specifically,  cold  rolling  of  filaments 
produced  a  slight  susceptibility  to  enhanced  dissolution,  presumably  due  to  the  formation  of 
surface  microcracks  that  initiated  crevice  corrosion.  However,  the  depth  of  attack  was  only 
several  pm  when  the  crevices  passivated. 

More  extensive  experimentation,  initially  with  a  sandwich-type  crevice  cell  and  subse¬ 
quently  with  an  instrumented  cell,  verified  that  susc  ptibility  of  the  chromium-containing 
amorphous  allovs  to  crevice  corrosion  was  indeed  slight.  Although  classical  crevice  attack 
involving  localized  anodic  dissolution  and  acidification  of  the  anolyte  could  be  made  to  occur, 
quite  oxidizing  (noble)  potentials  were  required.  These  potentials  were  more  than  1000  mV 
more  noble  for  the  16  Cr  amorphous  alloy  than  for  T304  stainless  steel.  Very  interestingly,  the 
potentials  of  amorphous  crevice  specimens  did  not  decrease  markedly  after  the  onset  of 
crevice  corrosion,  but  rather  they  usually  remained  within  several  millivolts  of  the  potential 
applied  to  the  cathode.  This  behavior  can  be  interpreted  as  a  resistance  to  the  loss  of  passivity, 
dissolution  occurring  instead  through  a  passive  film  that  prevailed  relatively  intact  during 
crevice  corrosion.  This  tendency  of  these  alloys  to  remain  covered  by  a  passive  layer  is  in 
contrast  to  the  behavior  of  crystalline  stainless  s  ?ls,  which  experienced  a  loss  of  passivity  that 
increased  with  time  as  corrosive  conditions  within  the  crevice  became  established.  An 
indication  of  such  a  time-dependent  activation  is  the  large  cathodic  shift  in  electrode  potential 
exhibited  by  T304  stainless  steel. 

The  results  of  1977-1979  research  indicate  that  corrosion  resistance  of  amorphous  alloys 
used  in  this  program  extends  to  propagation  as  well  as  initiation  phenomena.  The  alloys 
exhibited  an  apparent  strong  tendency  to  remain  covered  with  a  passive  film,  which  other 
studies  have  shown  to  be  analogous  in  structure  and  composition  to  the  hydrated  chromium 
oxyhydroxide  found  on  conventional  chromium-bearing  steels.  It  is  the  ability  of  this  film  to 
exist  under  extremely  corrosive  conditions  that  confers  excellent  corrosion  resistance.  This 
ability,  in  turn,  results  presumably  from  the  homogeneous  nature  of  the  alloys;  that  is,  the 
absence  of  structural  defects  in  the  alloy  matrices  contributes  to  the  integrity  of  the  film.  It  is 
probable  that  the  chemistry  of  the  alloys  also  contributes  to  their  excellent  passivity.  It  has 
been  claimed  that  the  presence  of  phosphorus  contributes  to  this  enhanced  passivity,  and  that 
it  confers  corrosion  resistance  by  creating  rapid  anodic  dissolution  at  unfilmed  sites  and 
thereby  accelerating  reformation  of  the  film.'6’  However,  results  presented  recently  by  Wang 
and  Merz'*6'  have  shown  that  extremely  corrosion  resistant  amorphous  alloys  can  be  prepared 
without  any  phosphorus,  thereby  demonstrating  that  phosphorus  is  not  essential  for  corrosion 
resistance.  The  question  of  the  role  of  phosphorus,  and  other  metalloid  additions,  on 
conferring  passivity  should  be  the  subject  of  future  research. 
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It  was  also  shown  that  sputtering  can  produce  chromium-containing  alloys  that  essentially 
are  completely  amorphous  in  structure.  Physical  properties  of  the  sputtered  alloys,  such  as 
degree  of  crystallinity,  temperature  of  crystallization,  and  heat  of  crystallization  closely 
resembled  those  of  amorphous  alloys  of  the  same  composition  but  prepared  by  liquid 
quenching,  in  this  case  melt  spinning.  The  corrosion  and  electrochemical  behavior  of  the 
sputtered  deposits  resembles,  but  is  not  identical  to,  that  of  melt  spun  alloys  of  the  same 
composition.  Specifically,  the  open  circuit  corrosion  rates  and  the  oxidation  rates  during 
anodic  polarization  of  the  sputtered  deposits  exceeded  those  of  melt  spun  specimens, 
sometimes  by  about  an  order  of  magnitude.  However,  the  sputtered  deposits  retained  the 
same  excellent  resistance  to  pitting  corrosion  as  their  melt  spun  counterparts,  with  pitting 
occurring  to  a  large  degree  only  at  potentials  above  about  1  V(SCE)  in  acidified  chloride 
solutions.  Thus,  sputtering  is  a  viable  alternate  technique  for  depositing  amorphous  Fe-Ni-Cr- 
P-B  alloys  while  retaining  their  very  good  resistance  to  pitting  corrosion. 


CONCLUSIONS 


Research  on  the  effects  of  annealing  of  amorphous  chromium-containing  alloys  has  led  to 
the  following  conclusions: 

(1)  Fe32Ni38Cri4Pi2B6  is  embrittled  by  annealing  for  one  hour  between  100  and  200  C,  but 
crystallization  does  not  occur  below  400  C. 

(2)  The  first  phases  to  appear  in  this  alloy  are  a  NiFe  solid  solution  and  a  phase  of  general 
composition  (Fe,  Ni,  Cr)3  (P,B). 

(3)  Fe32Ni36Cri<Si6Bi2  is  embrittled  by  annealing  above  about  400  C,  and  this  embrittle¬ 
ment  coincides  with  crystallization  of  a  NiFe  phase  from  the  amorphous  matrix. 

(4)  Crystallization  decreased  corrosion  resistance  by  reducing  the  critical  pitting  poten¬ 
tial,  presumably  by  introducing  chromium-deficient  sites  in  the  otherwise  protective 
passive  film.  Conversely,  embrittlement  in  the  absence  of  crystallization  did  not 
noticeably  alter  corrosion  behavior. 

Research  during  1977-1979  resulted  in  the  following  conclusions: 

(1)  The  amorphous  chromium-containing  alloys  that  were  studied  satisfy  two  primary 
requirements  for  susceptibility  to  crevice  corrosion  and  to  O.C.C.  in  general;  they 
exhibit  active-passive  transitions  in  certain  corrodents,  and  their  corrosion  rates 
increase  with  decreasing  pH. 

(2)  The  alloys  undergo  crevice  corrosion  in  prepared  crevices,  but  only  at  relatively  noble 
applied  potentials  exceeding  about  1  V(SCE)  for  the  higher  Cr  alloys. 

(3)  Although  acidification  of  anolyte  pH  occurs  during  crevice  corrosion,  activation  of 
the  potential  of  the  anode  is  slight.  This  behavior  indicates  that  a  fairly  protective  film 
may  be  present  even  during  crevice  attack. 

(4)  As  evaluated  in  crevice  and  test  cells,  crevice  corrosion  resistance  of  amorphous  alloys 
containing  from  2  to  16  atomic  percent  Cr  greatly  exceeds  that  of  T304  stainless  steel. 

(5)  Cold  rolling  of  amorphous  alloys  reduces  the  initiation  potential  for  crevice  corrosion 
to  values  near  the  free  corrosion  potential.  This  phenomenon  is  ascribed  to  the 
formation  of  surface  microcracks,  after  Devine.1121  However,  during  growth,  the  crev¬ 
ices  widen,  passivate,  and  cease  to  propagate. 

(6)  Increasing  the  chromium  content  in  the  alloys  substantially  increases  their  resistance 
to  crevice  corrosion. 
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(7)  Sputtering  can  be  used  to  deposit  chromium-containing  alloys  that  display  amor¬ 
phous  structures  quite  similar  to  those  of  alloys  prepared  by  melt  spinning. 

(8)  The  corrosion  resistance  of  sputtered  specimens  is  somewhat  less  than  that  of  melt 
spun  specimens  of  similar  compositions,  regarding  open  circuit  corrosion  rates  and 
dissolution  during  anodic  polarization. 

(9)  The  resistance  to  pitting  of  sputtered  alloys  is  essentially  the  same  as  that  of  melt  spun 
alloys  of  similar  composition.  Pitting  corrosion  occurs  rapidly  in  acidified  chloride- 
electrolytes  only  at  potentials  above  about  1  V(SCE). 

Thus,  amorphous  chromium-containing  alloys  exhibit  considerable  resistance  to  corro¬ 
sion  under  conditions  favoring  easy  initiation,  namely,  in  prepared  crevices.  It  must  be 
concluded  that  their  corrosion  resistance  is  not  simply  the  result  of  difficulty  in  initiating 
localized  dissolution,  but  that  it  results  in  large  part  from  the  ability  of  the  alloys  to  maintain 
passivity  under  extremely  aggressive  conditions. 
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Localized  Corrosion  of  Amorphous 
Fe-Ni-Cr-P-B  Alloys* 


RONALD  8.  DfEGLE* 


Abstract 

Experiments  were  performed  with  a  series  of  amorphous  Fe-Ni-Cr-P-B  alloys  of  varying  Cr  content  to 
characterize  their  susceptibility  to  crevice  corrosion.  Potent  adynamic  and  potentiostatic  polarization 
of  freely  exposed  specimens  was  performed  in  simulated  crevice  solutions  ItM  NaCI  at  pH  1-7,  and  6% 
FeCi3  at  PH  1.41.  Crevice  corru$ion  experiments  were  conducted  in  an  artificial  crevice  cell. 
Polarization  m  the  simulated  crevice  electrolytes  indicated  that  alloys  containing  2  to  16  At.%  Cr  can 
passivate  m  even  1M  NaCt,  pH  1,  and  they  do  not  experience  significant  pitting  at  potentials  active  to 
that  at  which  oxygen  evolution  occurs.  In  agreement  with  previously  published  results.1  only  a  few 
At.%  Cr  were  needed  to  confer  passivity,  even  the  alloy  containing  2%  Cr  achieved  a  passive  current 
density  of  only  10"  A/m'  m  1 M  NaCi  at  pH  1 .  and  it  did  not  pit  below  about  1 .20  VI SCE)  Results 
indicated,  however,  that  the  alloys  meet  certain  requirement*  for  susceptibility  to  crevice  corrosion 
and  occluded  cell  corrosion  m  general,  that  is.  they  passivate  at  sufficiently  anodic  potentials,  and  the 
intensity  of  active  dissolution  increases  with  decreasing  pH.  The  amorphous  alloys  were  considerably 
more  mert  to  corrosion  Than  T304  and  Incoioy  800  steels,  suggesting  a  lesser  susceptibility  to  crevice 
attack.  Experiments  with  the  artif'Ciai  crevice  cell  confirmed  that  the  amorphous  alloys  can  indeed  be 
forced  to  crevice  corrode,  but  oniy  at  very  anodic  Itransoassive)  potentials.  They  are  considerably 
more  resistant  to  crevice  attack  than  the  crystalline  Cr -containing  alloys. 


A  major  reason  for  the  initial  interest  in  the  corrosion  behavior  of  At.%,1  m  contrast  to  the  approximate  12  At.%  required  in 

amorphous  Cr  containing  alloys  derived  from  the  fact  that  their  crystalline  stainless  steels.  Thus,  preliminary  studies  of  this  new  class 

composition  is  similar  to  that  of  crystalline  stainless  anoys.  t.e..  both  of  materials  indicated  that  it  constitutes  a  novel  alloy  system  with 

aiiov  classes  contain  Fe.  Ni.  and  Cr.  Thus,  the  simultaneous  presence  not  only  improved  corrosion  resistance  relative  to  crystalline 

of  these  three  mete*  components  orovided.  for  the  first  time,  an  stainless  steels,  but  also  with  the  ootentiai  for  conserving  Cr,  a 

ooportunitv  for  studying  corrosion  of  a  stainless  type  alloy  critical  resource. 

comoosmon  m  tne  absence  of  crystalline  defects.  Eariy  studies  The  favored  hypothesis  to  explain  the  good  Pitting  resistance  of 

shewed  that  amorphous  aiiovs  of  me  general  compositions  Fe-Nli-  amorohous  Cr  containing  alloys  >s  based  on  their  homogeneous 

Cr-P-8  and  Fe-INi-Cr-P-C  are  very  corrosion  distant,  esoeciaiiy  with  structure  Because  the  alloys  are  amorphous,  they  are  free  of  gram 

respect  to  pitting  corrosion. boundar-es.  dislocations,  stacking  faults,  and  other  defects  asso- 
Potentiodynamic  poiar'zat'on  recnn.Ques  >n  neutral  and  c>ated  with  me  crystalline  state.  Because  they  are  Quenched  at  rates 

acid'f  ed  cmoride  so'utons  demonstrated  mat  me  critical  pitting  m  excess  of  10s  K's.  they  are  also  free  of  severe  microstgregation 

potential  iGC0>  amorohous  a*ovs  s  several  tenths  of  a  volt  and  second  chases,  which  are  formed  by  sol'd  state  diffusion.  At 

more  nooie  man  mat  of  manv  conventional  stainless  stee's  of  similar  most,  thev  are  somewhat  neterogeneous  on  an  atomic  scale  because 

or  greater  Cr  content  Qne  gr0wlD  Qf  researchers  showed  mat  me  of  short  range  orating  and  clustering.  The  alloys,  therefore,  are 

minimum  amount  of  C-  needed  *o  confer  passivity  was  oniv  8  presumed  to  rWnt  pitting  because  of  the  difficulty  of  initiating 

■  ■■  ■  'oca*'/*d  attack.  The  #act  that  heterogeneous  surface  sites,  at  which 

*Submitted  for  publication  June  1978  '9v<sed  Nov»-b«'  i9*>S  o,,?*na  often  .n.t'ates  m  crystalline  anoys.  are  absent  in  amorphous 

•flatte'ie  Co‘umbus  Laboratories  Columbus  O^o.  a'*ovs  >s  used  *o  rat'onahze  the  fact  that  Ec0  <s  considerably  more 
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TABLE  1  -  Effect  of  Oj  on  Open  Circuit  Corrouon 
Rates  in  IN  H:S04  ♦  1M  NaCI< 1  > 


Alloy 

Crystalline 

State 

0;  Available 

Corrouon  Rato 
(mpY  1 

Metgtas  2826A 

Amorphous 

Yes 

<0.00: 

Metgias  2828 A 

Amorphous 

No 

3.0,  3.0 

T304 

Crystalline 

Yes 

21.5 

T304 

Crystalline 

No 

5.6.  ?  0 

^Results  of  previous  unpublished  research  bv  the  author. 


noble  than  in  crystalline  alloys.  That  the  passive  films  formed  on 
amorphous  Fe-Ni-Cr-P-C  alloys  art  not  unique.  but  closely  resemble 
most  on  crystalline  staimass  steals  with  respect  to  composition  and 
structure/  supports  th-*  hypothesis  that  structural  di fferances 
between  the  alloys  and  not  between  the  passive  films  account  for 
the  different  degrees  of  corrosion  resistance. 

Therefore,  the  key  to  the  resistance  of  certain  amorphous  alloys 
to  pitting  appears  to  result  from  the  difficulty  of  pit  initiation,  but 
not  necessarily  from  a  resistance  to  propagation.  It  stands  to  reason 
mat  if  pits  can  be  initiated,  may  might  propagate  rt  lily.  Indeed, 
Devine  demonstrated  this  fact  by  promoting  localised  corrosion  in 
Metgias  2826A  (Allied  Chemical's  EejaNijsCr^P^Be  alloy)  bv 
first  cold  roiling  it  to  induce  surface  microcracks/  Local  td  attack 
occurred  in  the  cracked  specimen  at  a  potential  which  was  wall 
act.ve  to  that  required  for  me  undaformed  alloy.  It  presumably 
resulted  because  of  easy  initiation  at  microcracks  produced  by 
rolling. 

It  was  also  demonstrated  that  the  open  circuit  corrosion  rata  of 
Metgias  2826A  in  an  acidified  chloride  soiut-  n  sealed  from  oxygen 
is  nearly  1000  times  greater  than  mat  for  specimens  <n  the  same 
solution  open  to  me  atmosphere,  as  shown  in  Table  1.  Therefore, 
It  aoo ears  that  oxygen  is  necessary  to  promote  passivity  Of  me 
amorphous  allays.  iust  as  it  is  for  conventional  Cr  bearing  stainless 
steals. 

The  above  observations  were  interpreted  as  indicating  a  possible 
Acnilles  heel  m  the  otherwise  remarkable  c  inon  resistance  of 
these  alloys:  nemeiy.  they  might  be  highly  suseaotible  to  crevice 
corrosion  Because  crevice  corrosion  does  not  require  surface 
heterogeneities  for  initiation,  and  becausa  oxygen  depletion  can 
readily  occur  within  crevices.  >t  was  wondered  whether  the  alloys 
might  readily  corrode  >n  a  crevice  geometry,  unlike  their  perform¬ 
ance  when  evaluated  m  a  freely  exposed  geometry.  The  research 
descr  bed  m  this  paper  sought  to  determine  the  degree  to  which 
amorpnr.uj  Cr  containing  alloys,  wmch  otherwise  resist  locaiiied 
corrosion  remarkably  well,  are  susceptible  to  crevice  corrosion,  A 


second  purpose  of  this  study  was  to  determine  me  amount  of  Cr 
needed  to  confer  resistance  to  crevice  attack. 

Expert  mantel  Procedure 

Materials 

Five  amorphous  alloy  compositions  were  prepatad  at  Battalia 
for  this  research  program.  The  Cr  concentration  was  variad  from  2 
to  IS  At.%  tc.  determine  me  amount  of  Cr  needed  to  confer 
corrosion  resistance  under  me  exposure  conditions  used.  The 
compositions  of  these  alloys  are  oresented  m  Table  2.  The  alloy 
from  Allied  Chemical  Corporation  was  included  at  reoresentanve  of 
an  amorphous  alloy  of  composition  similar  to  the  16  At.%  Cr 
Battalia  alloy,  but  produced  at  another  laboratory.  T304  stainless 
was  included  as  an  example  of  commercial  stainless  steals.  Incolov 
800  was  evaluated  because  the  Ft.  Ni,  and  Cr  levels  approximate 
most  in  the  16  At.%  Battalia  alloy,  but  they  are  present  m  a 
crystalline  rather  than  amorphous  structure. 

The  five  Sattaiia  alloys  ware  first  cast  into  pancake  shaped 
ingots  bv  conventional  casting  techniques  involving  induction 
malting  of  pure  components  m  t  controlled  etmoephere.  Next,  30 
gram  portions  from  each  crystal'ine  ingot  wart  removed  and  malt 
nun  into  amorphous  filaments.  The  melt  spinning  was  performed  as 
shown  schematically  in  Figure  1  The  liquid  impinged  on  a  water 
cooled  copper  wheel  rotating  at  2690  m/minute  in  ergon.  The 
resulting  filaments  were  about  800  pan  wide  end  30  pan  thick. 

The  filaments  were  evaluated  by  differential  scanning  calo- 
rimatry  IDSC)  as  a  means  of  massing  the  presence  of  an  amorohous 
structure.  The  heating  rata  was  5  C  par  mmuta. 

Electrochemical  Techniques 

A  variety  of  electrochemical  techniques  ware  used  to  evaluate 
the  venous  alloys.  A  specimen  holder  was  specially  adapted  to  the 
filament  specimen  geometry  by  soldering  a  2  cm  length  of  filament 
to  a  fina  copper  wire  extending  through  a  glass  tube.  Tha  •  ipper 
and  solder  were  masked  with  an  acid  resistant  lacquer  which  also 
served  to  seel  the  lower  and  of  the  tube.  Polarization.  both 
potennosiatic  end  potentiodynamic.  waa  performed  in  a  glass  cell  of 
about  1  liter  capacity  equipped  with  Lugpn  capillary,  counter 
electrodes  separated  from  the  bulk  electrolyte  bv  porous  glass  frits, 
and  e  fritted  bubbler  for  deaeration  with  tank  nitrogen.  Polarization 
waa  accomplished  with  an  tlactronic  ootantiostat  and  tlactronic 
function  generator.  Potential  scans  were  performed  bv  sweeping  tnt 
potential  from  the  ooen  circuit  potential  to  venous  enodic  va-ues. 
All  potentials  ware  measured  relative  to  e  saturated  calomel 
electrode  (SCE)  that  was  external  to  me  cell.  Specimen  surfaces 
were  first  prepared  bv  catnodic  polarization  to  -1.5  V  (SCE)  for  uo 
to  2  minutes  to  achieve  »n  active  end  auasistationary  open  circuit 
potential.  Except  m  rt  study  of  simulated  crevice  corrosion,  the 
electrolytes  were  deeeraied  by  vigorously  bubbling  nitrogen  through 


TABLE  2  -  Compositions  of  Alloys  Used  in  Corrosion  Studies 


Preparation 

Technique 

Source 

Amorphous 

Fe 

Ni 

Cr 

P 

Composition.  At.fi* 1  * 

8  Si  C  Mn 

Ti 

Ai 

Meit  Spinning 

Setteiie 

V«1 

47 

30 

2 

15 

6 

Yes 

44 

30 

5 

15 

6 

V#s 

42 

30 

7 

15 

6 

Y«S 

39 

30 

10 

15 

6 

Yes 

33 

30 

16 

15 

6 

Mt't  So- nr. mg 

A.*  to 

Yes 

32 

36 

;4 

12 

6 

Con 

V.it 

No 

69 

8 

20 

12  0  00  1  7 

T304  siai-i'ess 

cas:  ng  ana 

J!«  1 

*o  ng> 

No 

J6 

3' 

22 

000 

0  005 

0.008 

'ncoiov  S00> 

1  ‘Cameos. ror*  of  “3C4  and  incO'Ov  300  are  rorm'ir 
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FIGURE  1  -  Schematic  diagram  of  tha  malt  grinning 
apparatus  usad  to  product  certain  alloys  studiad  in  this 
program. 
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FIGURE  2  -  Schematic  diagram  of  tha  PTFE  crevice  call 
uied  to  evaluate  crevice  eorroeion  tuaceptibilitv. 


FIGURE  3  -  Differential  (canning  calorimetry  (DSC)  curvee 
for  melt  apun  alloye  with  the  indicated  Cr  con  ten  te.  Scan  rate 
wee  5  C/minute. 


them  prior  to  each  experiment.  Two  scant,  in  independent 
experiments,  were  performed  lor  nearly  ell  ellov-corrodent  combi¬ 
nations  studied. 

The  pH  of  the  venous  chloride  solutions  used  throughout  the 
research  wes  carefully  ediusted  prior  ro  each  expenment.  Adiust- 
merit  was  made  with  HCI  or  NaOH,  and  the  OH  was  periodically 
checked  with  a  oH  electroda  oraviouslv  calibrated  m  approonate 
buffer  solutions. 

Several  crevice  cell  designs  were  tried  for  evaluating  susceoti- 
bilitv  to  crevce  corrosion.  The  one  chosen  for  this  research  is  shown 
schematically  in  Figure  2.  The  crevice  wes  formed  bv  clamping  the 
specimen  between  two  pieces  of  PTFE.  The  total  specimen  area 
within  the  crevice  wes  about  0.2  cm*,  no  special  surface  oretreet- 
ment  wes  used.  A  specimen  of  total  surface  area  ten  times  greeter 
then  that  within  the  crevice  served  as  the  external  leatnodel 
specimen.  In  practice,  the  two  electrodes  Icrevice  end  external)  were 
electrically  connected  to  each  other  through  a  zero  resistance 
ammeter  (ZRAI.  This  crevice  electrode  assembly  wes  made  the 
working  electrode  o!  an  electrochemical  cell.  The  external  electrode 
was  polarized  ootentiosteticelly  to  s  specific  potential,  end  the 
resulting  current  flowing  betvwen  crevice  end  external  specimens  its 
reed  on  the  ZRAI  was  recorded  over  a  soecific  period.  This 
procedure  enabled  determination  of  lei  whether  crevice  corrosion 
occurred,  lb)  the  critical  potential  for  initiation.  Eec,  ic l  *he  time 
required  for  'ts  initiation;  end  <dl  severity  o'  attack,  as  measured  8v 
the  tteedv  stete  cell  current.  The  can  thut  enabled  measurement  of 
crevice  corrosion  in  real  time  for  the  nonideei  geometry  of  men 
tpun  filaments. 
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FIGURE  4  -  Critic^  and  passive  currant  densities  versus  Cr 
content  for  amorphous  alloys  polarised  in  1M  NaCl.pH  2.4. 
Open  symbols  rtfar  to  alloys  produced  at  Banalla  and  solid 
symbols  refar  to  Mathias  2826  and  2826A. 


Results  and  Discussion 

Structural  Characterization 
of  Melt  Spun  Alloys 

Three  of  the  five  a<> ov  compositions  were  evaluated  bv  DSC  to 
determine  wnetner  they  were  amorphous.  Results  of  these  DSC 
scans  are  snown  m  F-gure  3.  Th#  aiiovs  exhibited  sharo.  narrow 
oeaxs  characteristic  of  C'vstaii-zat'on  of  metallic  glasses  as  reported 
bv  other  workers.*  The  measured  crystallisation  temperatures  were 
2  Cr.  426  C.  7  Cr.  437  C.  and  16  Cr.  476  C.  These  temperatures  art 
within  the  400  to  500  C  ttmoerature  range  m  which  amorphous 
Fe-Ni-Cr-F-8  aiioys  art  known  to  crystallise.  Therefore.  <t  «s 
concluded  tnet  the  aiiovs  oroduced  at  Battalia  by  me*t  scinmng 
exhibited  predominantly  amorphous  benavior. 

Poianzation  in  Simulated 
Crevice  Solutions 

Benavor  of  the  amorphous  and  crystalline  aiiovs  m  simulated 
crevice  solutions  was  character-red  extensively  bv  potfntiodvnam<c 
and  sotent-ostatic  polar  zation.  These  experiments  were  performed 
:o  predict  Ml  wnether  crevice  corrosion  mould  logically  be 
expected  to  occur.  i2)  wnetne»  it  should  be  severe  or  slight  -eiat^e 
to  crevice  corrosion  of  crystalline  enovs.  and  <3)  the  degree  ro 
wricn  ncreasing  tne  Cr  content  could  be  exoected  to  amti. orate  the 
iever-tv  of  attach  encountered  -n  actual  c'evcts. 

Data  *rom  a  series  pf  ooiar  zat-on  curves  ire  condensed  and 
presented  n  f  ju'«  4  and  5.  Tnese  4-gures  mow  me  deoenpences  of 
the  c-rcai  current  density  **oured  to  n.r<ate  passivity  l  ci  and  me 
■n.nimum  cass-v*  C-"ent  d*ns>tv  *'i0)  On  Cr  content  *pr  -wo 

' 1  ‘~Ke  *e"-  'imoro-o-s"  s  -sed  ~ere  *o  *e‘f' *o  maTe*'#'i  ••'at  do 
-or  ocsiess  t'vita  n-tv  a"  cr*  s  3?:ec*sp-t  by  sfitgnt’or.va'd 
tec**- a-es  s.c"  is  CSC  st  ectto  area  e-ecmon  d  M*ic*  on  ana 
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FIGURE  S  -  Critical  and  passive  currant  densities  versus  Cr 
content  for  amorphous  alloys  polarized  in  8%  FeClj,  pH  1.4. 
(See  Figure  4  for  explanation  of  symbols.) 


chloride  toluvont.  In  Figure  4.  it  is  evident  that  »c  we*  decreased  by 
a  factor  of  30  and  ip  by  a  factor  of  5  when  Cr  *«s  increased  from  2 
to  16  At.*.  In  Figurs  5.  *c  end  ip  were  decreased  by  factors  of  92 
end  3.  respectively,  over  the  same  Cr  range.  Several  faaturesof  this 
polarization  behavior  ere  noteworthy  . 

1.  The  degree  of  pesjivity  achieved  by  the  2  Cr  alloy  was 
remarkably  good  (0.05  end  0  097  A/m1)  considering  the  extremely 
corrosive  nature  of  theta  two  electrolytes. 

2.  The  effect  of  increasing  the  Cr  content  wes  much  stronger 
on  facilitating  passivation  than  on  enhancing  the  degree  of  passivity 
ultimately  reached. 

3.  Although  it  n  not  evident  in  these  figures,  these  alloys  did 
not  exhibit  localized  corrosion  attack*2 *  at  potentials  below  that 
required  for  oxygen  evolution,  which  was  about  1  V  (SCE)  end 
above. 

4.  The  Metres  2826A  alloy  exhibited  deviations  m  ic  and  iP 
generally  bv  factors  of  10  or  less  relative  to  the  curves  plotted  with 
the  8CL  alloys.  Matglas  2826A  displayed  higher  corrosion  rates, 
even  though  <t  contained  more  Ni  end  less  Fe  then  the  m-house 
aiioys 

Paralleling  the  second  observation  above,  the  effect  of  Cr  »n 
crystalline  aiioys  has  also  been  observed  to  decrease  <c  bv  e  greater 
degree  then  .0  9  Aooartntiy.  Cr  wet  needed  to  enhance  protection 
of  f<i ms  formed  at  potentials  corresponding  to  active  dissolution  of 
me  P#.N,.p  8  eiiov.  because  at  these  potentials,  the  oxidation 
products  of  iron  are  more  soluble  then  mote  of  Cr.1  At  m0ri 
noble  potentials  corresponding  to  oessivitv  o*  ct-Ni.F-B.  tne  rot#  of 
Cr  was  ess  significant  because  >ron  was  abie  to  devt-oo  a  'airiy 
orotect-ve  passive  Mm  by  itseif.  ^ere.  the  effect  of  Cr  was  to 
enhance  me  protection  provided  bv  tne  passivating  -ron  -icn  'ever 

Th*  ibove  date  can  be  used  to  predict  » ev*ra>  features 
concern. nq  c-evice  and  omtr  forms  of  ’OCli-ztd  SOrroiiCh  tnese 
amoronous  ai'cvs  cor  .cca'./ed  cor*os.on  or  occluded  :e>:  corros.on 
<OCC>  *o  occur  an  anov  must  exn-bit  two  features  'tgeramg 
co>ar  tat-or  benavior  c  ^t.  t  must  be  able  to  cassivate  n  »ne 
fec’-o-v'e  of  •h?ertst.  Second,  increasing  tne  ch'Or  dt  *vei  mo, -or 
oec-eas.^g  me  pH  j-ou'd  Keeifitt  me  'ite  of  attack.  >■* -vp*  pf 
bena-  or  nsures  snoi’itv  of  active-aasuve  ce‘(s  on  the  a.iov  sur’ice. 
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FIGURE  6  —  Pottmiodyntmic  polarization  curvas  for  tha  2 
At.%  Cr  amorphous  alloy  in  1M  NaCI  adjustad  to  savaral  pH 
valuta. 
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FIGURE  9  —  Potantiodynamic  polarization  curvas  for 
amorphous  malt  spun  alloys  of  tha  indicatad  Cr  con  tan  ts,  and 
for  crystallina  T304  and  Incoloy  800  alloys. 
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FIGURE  7  -  Potentiodynamic  polarization  curvas  for  tha  7 
At.%  Cr  amorphous  alloy  in  1M  NaCI  adjustad  to  savaral  pH 
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FIGURE  10  -  Potantiodynamic/potantiostatic  polarization 
curvas  for  tha  2  At.X  Cr  amorphous  alloy. 
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FIGURE  8  -  Potantiodynamic  polarization  curvas  for  ths  16 
At.X  Cr  amorphous  alloy  in  1M  NaCI  adjustad  to  savaral  pH 
valuas. 


and  nance  the  possibility  of  OCC.  The  first  of  theta  requirements, 
i.a..  existence  of  oesuve  behavior,  is  satisfied  for  the  amorphous 
alloys  as  shown  m  Figures  4  end  S.  The  oH  deoendence  s  diKusied 
below. 


FIGURE  11  -  Potentiodynamic/potantiostatic  polariiation 
curvet  for  tha  16  At.X  Cr  amorphous  alloy  in  tha  un¬ 
deformed  and  cold  rolled  conditions. 


The  effect  of  pH  on  polarization  behavior  is  documented  in 
Figures  6  through  11.  Figurss  6  through  8  show  potantiodynamic 
polarization  curvas  for  BCL  alloys  with  Cr  contents  of  2.  7.  and  16 
At.X  obtained  at  22  C.  Tha  affect  of  decreasing  the  pH  from  7.0  to 
1  is  strai(pttforward  for  tha  2  and  7  At.X  Cr  alloys  tFigurei  6  and  71. 
Soecifically.  as  OH  decreased.  ic  increased  uniformly,  although  0 
exhibited  no  obviout  dependence.  Acidification  of  tha  electrolyte, 
therefore,  intensified  active  dissolution,  as  'aouired  for  ths  occur, 
rtnes  of  OCC  The  deoendence  of  ie  on  oH  is  mown  .n  Table  3 


TABLE  3  -  Dependence  of  Critical 
Currant  Densities  for  Passivation 
(ie)  on  pH  for  Amorphous  Alloyi 
Polarized  in  1M  NaC! 


Cr  Content 
in  Alloy 
(At.%1 

PH 

'c  , 
(A/m') 

2 

7 

0.40 

5 

0.73 

3 

13 

1 

9.5 

7 

7 

0.16 

S 

0.26 

3 

0.42 

1 

43 

16 

7 

0.29 

S 

0.02 

3 

0.03 

1 

0.73 

Tha  roi*  of  oH  II  lets  clear  for  tha  IS  At.K  Cr  metenal.  m 
shown  in  F.^sre  3.  For  oH  values  of  7.  5.  and  3.  decreasing  tht  oH 
apoearad  to  facilitate  passivity  and  suppress  active  diuolution.  For  a 
oH  of  1.  however.  a  prominent  active  peak  developed.  It  n 
conceivable  mat  some  cf  mu  variation  was  due  to  natural  scatter  m 
exoenmental  results.  For  example,  me  IS  At.1  Cr  allov  dispiaved  a 
strong  tendency  to  passivate,  and  it  was.  tnerefore.  difficult  to 
activate  the  aiiov  Ibv  cathodic  polarization)  end  to  measure 
reproduaoie  active  peaks.  Another  possibiiitv  n  that  differences  m 
corrosion  oenewor  between  the  two  surfaces  of  me  filaments 
contributed  to  the  scatter  Ferftaos  abrasion  prior  to  Polarization 
would  be  a  better  surface  oretreatment  than  cathodic  polarisation. 

A  companion  of  ooiarisation  behavior  of  amorphous  alloys 
with  that  o*  crystalline  stainless  steels  is  made  m  Figure  9.  Results 
from  incoiov  300  are  particularly  significant,  since  the  Fa.  Ni,  and 
Cr  contents  of  this  alloy  are  somewhat  similar  to  those  of  the 
amoronous  16  Cr  auov.  but  Incoiov  300  s  crystalline,  thus,  the 
effects  of  me  three  metallic  alloy  additions  can  be  separated 
according  to  state  of  erystaHmity  and  difference  n  alloy  homo¬ 
geneity.  However,  a  more  sinci  comparison  would  necessitate 
comparable  F  and  8  avail  >n  the  incoiov  800  alloy  as  in  me 
amoronous  auov.  but  such  a  composition  was  not  obtainable 
without  copious  mtermetaiiic  onases  being  oresent.  In  essence,  both 
crystalline  alloys  suffered  OCC  tin  mis  case  0'ttmgj.  which  initiated 
at  about  0.15  V  (SCSI.  The  occurrence  of  pitting  .n  mis  electrolyte 
was  expected  and  't  serves  to  emonasise  me  relatively  greater 
resistance  to  OCC  o*  the  amoronous  alloys  it  is  aooarent  that  tne 
corrosion  resistance  of  tne  amorphous  aiiovs  does  net  derma  ‘rom 
the  particular  leva's  or  ratios  of  f*.  Ni.  and  Cr  oresent.  as  evidenced 
bv  me  severe  outing  of  the  meoioy  300  Rather  me  e'teet  s  far 
more  subtle  and  presumably  results  from  the  homogeneity  and 
possibly  mgn  P  'eveis  •"  me  amorphous  metereis  4 

To  summarise  tre  aata  presented  -"us  ‘at  .t  has  been  shown 
that  me  amoronous  men  soun  auovs  exhibit  ective-oatsive  transi- 
r  ons  n  cn.or.de  loiutions  and  'hat  ac  difcaton  pf  -"e  toiufons 
■nereasas  me  active  dissolution  k.ne'ics  marxediv  1 3 1  These  'acts,  and 
—e  xrown  peoendenev  Cr  contain  ng  a  ovs  pn  dusoweo  oxvgen 
‘or  mat nraimng  pass  v  tv  can  o*  used  to  O'edict  mat  some  peg-ee  p* 
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••  s  ms-set*'  tit. on  of  amoronous  suovs  t  has  bee'  demon- 
•■••step  —at  ti  e"ect  pi  .a'v  ng  me  emorae  on  conee-’-at  on 
:■  *•  -ange  0  C2  to  2  CM  exe'ts  a  't  it  .e  v  imii  e"ect  on  me 
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susceptibility  to  crevice  corrosion,  end  OCC  us  generei .  may  axret 
for  tht  amorphous  aiiovs.  That  it,  depletion  of  oxygen  within  a 
crevice  and  subsequent  pH  decrease  due  to  corrosion  is  ex  Dec  ted  to 
establish  an  active-passive  call  capabia  of  maintaining  acca'aratad 
corrosion.  A  comparison  of  corrosion  kinetics  with  crystalline 
namiess  steels  suggests,  however,  that  the  amorphous  alloys  should 
dsptev  greater  resistance  to  OCC  than  the  crystalline  steels. 

Severe)  experiments  were  performed  potentiostaticaiiv  st 
various  anodic  potentials  to  assess  the  importance  of  time  on  me 
kinetics  of  corrosion.  That  is.  because  crevice  corrosion  often  takes 
hours  for  longer)  to  initiate,  it  was  considered  advisable  to  measure 
dissolution  kinetics  in  simulated  crevice  solutions  over  extended 
time  intervals.  An  interval  of  1  hour  generally  provided  sufficient 
indication  of  whether  the  alloy  was  passivating  or  beginning  to  lota 
its  passive  nature. 

Results  of  potentiostatHt  polarization  of  the  2  At.X  Cr  ahoy  in 
pH  2.4,  1M  HaO  a re  shown  m  Figure  10.  It  is  apparent  that 
pofanzation  at  0.60  V  tSCE)  resulted  in  protective  film  growth,  as 
evidenced  bv  the  decrease  in  current  with  increasing  polarization 
time.  No  localized  corrosion  occurred  during  tne  60  minute 
polarization  period,  as  verified  by  subsequent  scanning  electron 
microscope  (SEMI  analysis  of  the  specimen.  Note  that  the  potential 
of  0.6  V  (SCE)  is  wall  anodic  to  that  which  causes  pitting  of  the 
crystalline  stainlets  aiiovs  represented  in  Figure  9.  yet  this  low 
chromium  alloy  did  not  undergo  pitting.  The  potential  of  1.10  V 
(SCE)  is  at  the  anodic  end  of  the  passive  potential  region  (Figure  9). 

The  Current  density  increased  from  0.06  to  2.1  A/m2  over  the  60 
minute  period,  suggesting  that  pitting  may  have  occurred.  Although 
tome  positive  hysteresis  occurred  during  the  return  sweep,  this 
hysteresis  disappeared  at  0.3  V  (SCE).  Examination  of  the  specimen 
surface  bv  SEM  revealed  no  localized  attack  whatsoever,  even 
though  scratches  on  me  surface  had  been  made  with  600  grit  silicon 
carbide  piper  prior  to  Doienzation  to  penetrate  any  existing  oxide 
film,  and  thereby  to  provide  sites  for  easy  initiation  of  OCC. 

The  affect  of  increasing  the  Cr  content  of  the  alloy  was  to 
dramatically  mcraasa  the  tendency  for  passivation.  The  addition  of 
16  At.*  Cr  caused  e  steadily  decreasing  corrosion  current  during 
potentiostatic  polarization  at  1.33  V  (SCE).  a  potential  well  mto  the 
oxygen  evolution  region  ol  polarization  behavior.  This  loecimtn  was 
not  oitted  during  the  60  minute  ooiarisation,  either. 

In  general,  pitting  could  not  be  induced  at  potentials  below 
approximately  that  reauired  lor  oxygen  evolution  lor  any  ol  the 
amorphous  allov  compositions  containing  2  to  16  At*  Cr. 

Theretora.  it  was  not  possible  to  observe  the  conventional  sudden 
increase  m  dissolution  currant  whan  pitting  initiated,  because 
invariably  it  waa  masked  bv  a  large  current  resulting  from  the 
oxidation  of  water.  Fits  in  the  amorphous  Barttlle  alloys  typically 
were  randomly  distributed,  rapidly  penetrated  tht  filaments,  and 
ware  noncrvstatiogrsohic  in  shape. 

These  potentiostatic  polarization  experiments  reinforce  results 
obtained  potentiodynemicaily.  Tbst  'S.  the  alloys  exhibited  extrtma 
resistance  to  breakdown  of  passivity  in  acidif'td  civ  on  da  solutions, 
even  after  extended  polarization  at  potentials  anodic  to  most  that 
cause  film  breakdown  on  crystalline  aiiovs.  The  effect  of  this  strong 
tendency  ‘or  oasuvetion  on  crevice  corrosion  will  be  aooarent  n  the 
next  section. 

Crevice  Corrosion  Experiments 

it  was  'tesoned  met  the  most  severe  crevice  geometry  met 
cou'd  be  ‘ormeo  n  these  eiiovs  wouio  result  'rom  oroduevon  of 
microcr jexs  m  the  Mament  surface.  Such  cracxs.  which  soDirentiy 
:pu  o  be  produced  -  Metgiai  2S26A  bv  3  coio  -eduction  o'  32%. * 
would  be  ex--emeiv  -gnt  and  sur-ourded  bv  large  areas  3' 
jncracxed  metevsi  to  set  is  a  cathode.  To  ge'errnme  .vnetner 
m.c-oc-ecxs  would  n.tiate  ocaiized  ettacx  oi  me  «.iovs  -sad  m  mu  «i 

study  me  16  At  ’i  Cr  3iiov  was  coid  roMed  ’0  3  38%  reduction  .n 
tn-cx-tss.  j'rrasonicanv  :  tens d  n  -••c-ioroemviene  ard  men 
acetone  ano  oottnvostaticu'v  ooiar'Zfd  m  1M  NeCi  at  s“  3 
•our  zero"  .ves  oer‘3'm<a  »t  2  60  V  SCE'  a  oote-vai  'wn.cn  was  . 

exoec’ed  ‘0  oe  sur''C  *"v»  anodic  to  promote  C'*v'Ce  corrosion  '  t 
would  noeic  accur  Results  ol  ao'er  a  ng  both  me  coio  'oi'ed  ana 
H-soun  sno.s  are  snewn  in  F  gure  11.  Cold  railing  caused  •  i'jt 
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FIGURE  12  —  Corrosion  pits  formed  on  the  cold  roilsd 
specimen  polarized  as  shown  in  Figure  11.  (a)  100X,  and  (b) 
1000X. 


active  dissolution  oeak.  and  it  increased  tne  passive  current  density 
Significantly  over  tnat  of  the  as»spun  specimen.  However,  during  the 
60  mmute  hold  at  0.60  V  'SCE).  the  current  density  decreased 
rather  than  increased,  the  latter  be<ng  expected  *f  crevice  corrosion 
were  increasing  «n  severity.  At  tne  end  of  the  60  mmute  Period,  a 
negative  nyste'es*s  was  observed,  which  aga<n  was  unexpected  based 
on  the  assumed  occurrence  of  crevice  corrosion  during  the  forward 
oot*nt<ai  sweep. 

6*ammat'On  of  the  cold  rolled  specimen  by  SEM  'Figure  121 
revealed  many  smai*  Pits  ranging  uo  to  10  ^m  m  diameter.  The  O'  ts 
were  never  observed  to  penetrate  tne  specimen.  Examination  of  a 
companion  ioec  m#n  wh-ch  was  nor  cold  roiled  showed  only  3  oits, 
and  tnese  were  a*so  ‘ess  than  about  10  .Jm  m  diameter.  The  oit 
dens-tv  was  several  orders  of  magnitude  greater  or  the  co‘d  -oi'ed 


FIGURE  13  —  Call  currant  and  applied  potential  versus  time 
for  T304  stem  I  sea  steel  in  the  crevice  tact  cell. 


specimen. 

The  difference  m  corrosion  behavior  of  the  two  matahals  can  be 
rationalized  at  follows.  Upon  anodic  polarization,  the  microcracks 
in  the  cold  rolled  alloy  initiated  cravica  corrosion,  and  the  measured 
anodic  current  density,  therefore,  was  greater  than  that  for  the 
undtformad  alloy.  However,  after  the  crevices  had  grown  during  the 
forward  potential  scan,  during  which  they  widened  and  became  pit 
shaped,  the  electrolyte  within  each  one  became  diluted  with  bulk 
electrolyte.  By  this  point,  about  the  time  the  60  minute  potentio- 
static  hold  was  complete,  all  microcracks  had  corroded,  widened, 
and  then  passivated  as  bulk  atactrolyta  mixed  with  that  previously 
present  in  them.  Previous  data  show  that  tha  bulk  electrolyte 
composition  of  1M  MaCl  at  pH  7  is  not  sufficiently  aggressive  to 
destroy  passivity  at  0.60  V  (SCE).  hence,  ingress  of  the  electrolyte 
would  indeed  be  expected  to  result  m  passivation  at  this  potential. 

The  observation  that  crevice  corrosion  apparently  can  be  forced 
to  occur  with  an  amorphous  alloy  was  pursued  with  the  crevice  cell 
shown  in  Figure  2.  Typical  data  obtained  with  this  cell  are  shown  in 
Figure  13,  which  depicts  classical  crevice  corrosion  of  T304  stainless 
steel.  (Total  current  rather  than  current  density  is  plotted,  because 
tha  active  specimen  area  within  tha  crevice  was  not  known.)  This 
material,  known  to  readily  undergo  crevice  corrosion  in  chloride 
solutions,  was  used  initially  to  ensure  satisfactory  operation  of  the 
crevice  cell.  Crevice  corrosion  did  not  initiate  at  measurable  rates 
under  freely  corroding  conditions  within  24  hours  with  this  alloy, 
and,  therefore,  all  experiments  were  performed  at  anodic  potentials 
which  were  applied  potentiostaticallv.  (Potentials  quoted  are  those 
external  to  the  crevice.)  Figure  13  indicates  that  about  800  minutes 
after  a  potential  of  0.100  V  (SCE)  was  apolied  in  0.1  M  NaO  at  50 
C.  crevice  corrosion  initiated.  After  the  experiment  was  terminated, 
the  crevice  specimen  was  found  to  be  severely  corroded  end  the 
anolyte  possessed  a  green  color,  presumably  from  Ni**  end  Fe** 
ions. 

Figure  14  shows  comparable  data  for  the  amorphous  alloy 
containing  2  At.%  Cr.  Crevice  corrosion  occurred  at  an  applied 
potential  of  1.00  V  (SCSI,  and  the  critical  potential  for  crevice 
corrosion  (E^)  presumably  was  between  0.6  end  1.00  V  (SCE).  (Up 
to  about  24  hours  or  1440  minutes  were  allowed  for  initiation  of 
crevice  corrosion  for  these  experiments.  This  was  an  arbitrary 
choica.  made  to  expedite  screening  of  alloys  during  these  trials. 
Longer  waiting  periods  might  have  resulted  in  less  noble  E^ 
potentials  because  initiation  is  a  time  deoendent  process.)  Note  that 
the  current  attained  a  steady  state  value.  The  relatively  short  time 
over  which  the  corrosion  current  was  measured  reflects  the  small 
dimensions  of  the  filament  specimen,  which  was  rapidly  dissolved 
afrer  crevice  corrosion  initiated. 

F.qure  15  illustrates  behavior  for  the  alloy  with  7  At. \  Cr.  It 
was  considerably  more  difficult  to  initiate  crevice  corrosion  with 
th*s  aiiov.  as  evident  from  th#  scries  of  current  decays  following  the 
stepwise  increases  m  applied  potential  Not  until  1  50  V  (SCE)  was 
applied  did  a  current  pawst  for  more  than  a  few  minutes.  Even  at 
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FIGURE  14  -  Cell  eumnt  and  applied  potential  verms  nm# 
for  the  2  At.%  C r  amorphous  alloy  in  the  crevice  tact  call. 


FIGURE  16  -  Call  currant  and  applied  potential  versus  tin  ? 
for  the  16  At.%  Cr  amorphous  alloy  in  the  crevice  tact  ceil. 


FIGURE  15  —  Call  current  and  applied  potential  versus  time 
for  the  7  At.%  Cr  amorphous  alloy  in  the  crevice  teat  call. 


this  noble  potential,  the  specimen  exhibited  a  tendency  to  passivate, 
as  .ndicated  bv  the  gradually  decreasing  current. 

The  tffset  of  increasing  the  Cr  level  to  16  Ac.%  <s  shown  n 
Figure  16.  No  significant  corrosion  current  was  measured  until  1.40 
V  ISCE)  was  aooued.  At  this  value,  however,  the  aiiov  within  the 
crevice  passivated  and  the  current  decayed  to  ’ess  than  A. 

increasing  tne  aooued  potential  to  1.56  V  (SC£>  again  oroduced  a 
large  current  transient,  but  the  alloy  was  able  to  oassivate.  and  the 
current  raoidly  decreased. 

Additional  data  were  generated  with  the  crevice  c*n  witn 
modified  specimen  placemen*  geometries.  These  -nvoived  oac-ng 
two  and  three  layers  of  amoronous  anov  fuamam  adiacent  to  eech 
othar  within  the  crevice  to  orovdt  a  mttai-to-metai  interface  fC' 
crevice  atracK  to  -nitiata.  Anotner  used  a  Seiemion14’  anion- 
oarmeabie  memorane  adiacent  to  the  aiiov  filament  to  attempt  *o 
stimutate  c-evice  attacx  ov  concentrating  cations  within  he 
crevice. 11  Meitner  modification  oroduced  sign.ticjnrtv  afferent 
crev-ce  corrosion  penevior  man  tne  jimpie  ®TF£  ai'ov-PTFS  sano- 
wicn  deO'Cted  n  F-gure  2  Ofher  oeta  were  obtained  wun  Vetgias. 
T3C4  *0(3  Incotov  300  allovs  Out  are  not  presented  *Or  brevity 
Essentially,  t  nas  been  mown  mat  tne  amoronous  a<ipys  e*nib»t  a 
merxed’v  greater  -essence  to  :*evce  corrosion  man  me  c'vstj'  me 
ai'oys  Crev-ce  ccrrps'on  was  not  coservto  at  ootent-ais  ot’cw  "ci# 
■vou-red  *or  oxygen  evou'-on  and  oitt-ng  *or  me  amvoncj*  iiicvs 
T^e-r  ^eiues  ar#  seve^r  ?e"tns  pi  a  vo>*  ~ore  noo-t  man  mat  o* 
*304  s:«  r  «st  re*>  a  ‘ac*  wn.cn  t  cons  de'ioie  tngmetrmg 
s.gn.f.cance  Eiutm.*.  v  me  amoronous  a^ov*  »»r  o-»eo  ”*e  same 
string  *enot«c.  ’pr  p§s»ivt*v  "  -«t  crevice  ct"  is  3-d  ''te*v  t«coied 


-iar  3  *is  I : -oi's  vs  .aca* 


soecimens  in  simulated  crevice  solutions,  in  this  regard.  tne 
potentiostatic  and  ootentiodynamic  polarization  experiments  pro* 
vided  an  accurate  indication  of  tha  results  of  the  crevtce  experi¬ 
ments  the  alloys  are  quite  passive,  passivity  improves  with 
increasing  Cr  content,  and.  therefore,  the  alloys  effectively  resist 
localized  corrosion. 

However,  the  attack  on  the  cold  died  ahoy  documented  <n 
Figures  11  and  12  <s  an  aooarent  anomj  -  m  the  above  reasoning. 
That  is.  it  is  not  clear  wny  crevice  corrosion  occurred  m  the  cold 
roiled  alloy,  vet  high  ceil  currents  were  not  measured  with  the 
crevice  cell  for  this  seme  aiiov  One  could  attempt  to  rationalize  the 
different  results  between  the  experiments  involving  cold  rolled 
filaments  and  those  employing  the  crevice  ceil  by  urno’V  assuming 
that  the  crevice  cell  did  not  form  as  tight  a  crevice  as  did  the 
microcracks.  This  situation  could  conceivably  have  created  a  more 
noble  Ecc  and  a  smaller  corrosion  current  <r.  tne  crevice  can 
Nevertheless.  >x  »  still  not  possible  to  account  quantitatively  for  tne 
rate  of  crevice  corrosion  observed  with  the  cold  roiled  filament  This 
rate  can  ba  estimated  as  follows.  Let  d  equal  the  diameter  to  which 
•  typical  pit  grew  during  the  penod  of  active  growth,  this  oenod  was 
tha  ntervai  between  about  0.6  V  and  the  end  of  the  60  minute 
hold  time  (Figure  11).  or  1.2  hours.  From  Figure  12.  a  tvoicai  Oit 
radius  (r)  <t  seen  to  De  about  5  10~*  m.  The  corrosion  current  > « i 


1  2  hours  can  oe  aooroximated  as 


roF 

tC 


in  which  ^  j  the  a*»ov  otnsitv  <^3.5  gxm?'  *  *s  tne  Faraoiv 
'96.S00  couiomos  equivalent),  t  *  the  growth  oeriod  1 1  2  hour*  or 
4320  seconds),  and  E  s  me  equivalent  weigh?  of  me  ti'ov  24  3 
g/ecuiva'ent i.  To  calculate  E.  the  effective  moiacuiar  we-ght  o'  the 
anov  first  was  caicuiateq  bv  adding  me  atomic  we  gnts  of  me 
various  elements  present  out  weighted  bv  mtir  'tsotet-ve  itom.c 
fractions.  th»s  value  -s  49.7  g.  if  dissolution  ,s  oresumed  to  occur  « 
VI  ■  W**  •  2t.  Where  VT  S  predominant!  .  F*  *np  men  £  •  24  3 
g. equivalent  Use  of  me  preceding  .aiuts  n  me  tQuat  on  aoove 
results  n  •  38  A fm *  if  me  oorent  a*  wurm  me  c^vx#  s  Miw-^ed 
•o  njve  been  ~ore  act  ve  ’"an  mat  acc  to  oot*-*  ostat  C3  . 
because  of  R  oroo  ejects  ‘"fn  m*  max-mum  ccrrr »  on  c-."»**t 
mat  :3u  a  -ave  red  was  ;  *o  c  gy#s  4  jr«  *  r:.\j 

mat  .  was  •scec:  .«  »  2  *0  ‘  A  — "  i^d  1  4  -*•  *  *V  r*aC  - “ 

2  4  ind  n  S»C*  o-  14  SCwtOnj  0  I  a** 

'?a$o"ib‘v  we  — e  :•  c-  oe  a^a  o*  :o*a  t  on*  wm  -  re.  :?s  s-o 

c  *s  *  t  *ooar«',t  t"j*  me  •.  w  :*  - 

rev  cts  was  st  eas*  38  t  *^»s  :•«:»'  **e  "*-*  oase  -eo  ~ 

*  nmu  ated  c'tv  ce  •  ect'o  ve  *in«v  ’  a  "  6:;  eeC  > 

a  *"ou?r  -<  :ic.  i*»s  *.»*age  :jn:i  :•  :*  33  a  -• 

s  r  ico':»  t  r  •  *  it  tons  ct»ao  .  **«n  •-#  .j  .*i  ;* 

-  :«crto  joc^e  't  *“.s  *o  oe  mc  a  -eo  o-i-:  rat  .*  -  -o.% 
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more  rapid  corrosion  rata*  ware  observed  in  iha  deformed  filamant 
than  with  tha  Mme  alloy  in  tba  crevice  call.  Ona  concaivabla 
explanation  of  this  apparent  discrepancy  is  that  tha  intanse 
deformation  around  each  microcrack  locally  crystallnad  tha  alloy: 
crystallization  would  be  expected  to  render  the  alloy  more 
susceptible  to  corrosion  based  on  previous  research.2  Or,  perhaps 
oxygen  depletion  occurred  to  a  lower  level  within  the  microcracks 
than  was  produced  by  nitrogen  deaeration  of  bulk  electrolytes, 
resulting  in  higher  corrosion  currents  m  tha  former  case.  A  less 
likely  possibility  is  that  the  pH  and  chloride  levels  that  developed 
within  tha  microcracks  rendered  the  crevice  electrolyte  more 
corrosive  than  the  simulated  electrolytes.  These  various  possibilities 
are  being  pursued  and  will  be  the  subject  of  a  subsequent 
publication. 

Conclusions 

Results  of  this  research  reveal  several  new  features  of  OCC  of 
amorphous  alloys.  Most  importantly,  the  alloys  studied  were  not 
particularly  susceptible  to  crevice  corrosion,  as  had  originally  been 
thought  possible.  Although  microcracks  induced  by  deformation 
were  initially  rapidly  attacked,  they  widened,  and  then  passivated. 
Additional  experiments  with  an  artificial  crevice  geometry  indicated 
that  the  alloys  are  extremely  resistant  to  crevice  corrosion.  This 
latter  observation  agrees  with  polarization  experiments  m  simulated 
crevice  electrolytes.  Specifically,  the  alloys  did  not  pit  but  exhibited 
passivity  at  potentials  active  to  that  for  hexavaient  dissolution  of  Cr 
in  even  pH  1,  1M  NaCi.  They  are.  therefore,  quite  stable  and  are 
expected  to  resist  all  forms  of  OCC  at  passive  potentials.  A 
significant  observation  is  that  only  2  At.%  Cr  are  required  to  render 
an  amorphous  Fe-Ni-P-B  alloy  highly  resistant  to  pitting  and  crevice 
corrosion,  in  agreement  with  a  separate  study.1  The  effect  of 
increasing  the  Cr  content  in  the  alloys  ts  to  louver  ic  considerably 
and  (p  to  a  lesser  extent,  and  to  increase  the  already  excellent 
resistance  to  crevice  corrosion. 
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Crevice  Corrosion  of  Glassy  Fe-Ni-Cr-P-B  Alloys* 


RONALD  B.  DIEGLE 


Abstract 

Crevice  corrosion  of  glassy  Fe-Ni-Cr-P-8  alloys  in  NaQ  electrolyte  was  investigated  as  a  means  of 
differentiating  between  initiation-related  and  oropagati on-related  corrosion  behavior.  Specimens 
containing  deformation-induced  surface  microcracks  experienced  a  transient  type  of  crevice  attack  at 
potentials  only  slightly  anodic  to  the  free  corrosion  potential.  However,  the  crevices  widened  into  pit 
shaped  voids  and  quickly  passivated,  apparently  as  a  result  of  ingress  of  bulk  electrolyte.  Separate 
experiments  with  alloys  cold  worked  in  compression  showed  complete  absence  of  attack  at  shear 
bands,  indicating  the  need  for  microcracks  for  localized  attack.  Experiments  with  an  electrochemical 
crevice  cell,  instrumented  to  record  changes  in  anode  potential  and  anolyte  pH.  required  polarization 
above  about  1  V  (SCE)  to  cause  crevice  corrosion.  The  potentials  of  crevice  specimens  did  not 
dttcreat^  substantially  during  corrosion,  indicating  the  possible  presence  of  a  partially  protective  film. 


It  was  concluded  that  the  alloys  exhibit  a  high 
their  excellent  pitting  resistance. 


Earfy  studies  of  the  corrosion  behavior  of  glassy  chromium- 
-containmg  alloys  showed  that  they  possess  considerable  resistance 
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to  pitting  attack.  This  resistance  has  been  credited  to  their  very 
homogeneous  structure,  which  is  free  of  crystalline  defects  such  as 
gram  boundaries,  dislocations,  stacking  faults,  and  simitar  sites  for 
initiation  of  pits.  The  ability  of  these  alloys  to  passivate  at  very  high 
rates  is  also  thought  to  be  important  m  suppressing  pit  initiation.4 
More  recently,  an  investigation  was  performed  to  determine  whether 
the  localized  corrosion  resistance  of  glassy  Fe-Ni-Cr-P-B  alloys 
extends  to  crevice  corrosion.5  Crevice  corrosion  does  not  rely  on 
the  presence  of  heterogeneities  in  alloy  structure  for  its  initiation; 
thorefore,  an  investigation  was  undertaken  to  determine  whether 
glassy  alloys  would  also  resist  crevice  corrosion,  or  whether  they 
would  be  as  susceptible  to  this  form  of  attack  as  are  many 
conventional  crystalline  alloys.  Results  of  the  investigation  demon¬ 
strated  that  the  glassy  alloys  are  very  resistant  to  crevice  attack. 
Anodic  polarization  behavior  in  acidified  chloride  solutions  suggest¬ 
ed  that  some  degree  of  susceptibility  to  crevtce  corrosion  can  be 
anticipated,  but  that  this  susceptibility  is  usually  less  than  that  of 
crystalline  stainless  steel  of  comparable  chromium  content.  Sub¬ 
sequent  experiments  with  surface-precracked  specimens  verified 
that  crevice  corrosion  does  occur,  but  it  ceases  as  soon  as  the 
crevices  widen  and  passivate.  Additional  experiments  were  per¬ 
formed  with  a  sandwich-type  cell  that  created  a  prepared  crevice  on 
the  surface  of  glassy  filament  specimens.  Crevice  corrosion  occurred, 
but  only  at  extremely  oxidizing  potentials  exceeding  about  1.4  V 
(SCE)  for  alloys  containing  16  atomic  percent  chromium  and 
polarized  m  0.1  M  NaCl 

Thu  paper  describes  results  of  continued  research  on  crevice 
corrosion  of  glassy  alloys.  It  pursues  the  interesting  observations 
that  cold  roilmg  of  glassy  filaments  induces  some  degree  of 
susceptibility,  and  it  describes  the  electrochemical  changes  that 
occur  within  a  crevice  as  corrosion  initiates  and  proceeds  toward 
steady  state 


*  Submitted  lor  publication  November.  1979:  revised  March,  1980. 
•8attene  Columbus  Laboratories.  Columbus.  Ohio. 


resistance  to  crevice  corrosion  that  parallels 

\ 

Experimental  Procedure 

Materials 

The  alloys  used  m  this  research  were  the  same  as  those 
described  previously.5  Their  compositions  were  determined  by  wet 
chemical  analysis  and  are  listed  <n  Table  1 .  Vanadium  was  present  at 
the  level  of  2  atomic  percent  as  a  unintentional  impurity;  it  is  not 
considered  to  have  had  a  significant  effect  on  corrosion  behavior  at 
this  tow  level.  The  five  alloy  compositions  prepared  at  Baneile  were 
first  cast  into  pancake  shaped  ingots  by  conventional  casting 
techniques  involving  induction  melting  of  pure  components  in  a 
controlled  atmosphere.  Next,  30  gram  portions  from  each  crystal¬ 
line  ingot  were  removed  and  melt  spun  into  glassy  filaments.  The 
liquid  impinged  on  a  water  cooled  copper  wheel  rotating  at  2550 
m/minute  in  argon.  The  resulting  filaments  were  about  800  /Jm  wide 
and  30  pun  thick.  The  filaments  were  evaluated  by  differential  scan¬ 
ning  calorimetry  as  a  means  of  assessing  the  presence  of  a  glassy 
structure.  The  shape,  size,  and  number  of  exothermic  peeks  and  the 
measured  crystallization  temperatures  indicate  that  the  alloys 
exhibited  behavior  typical  of  the  transformation  of  glass  to 
crystalline  material. 

£  ffec  a  of  Deforms  ton 

Localized  corrosion  was  produced  in  crevices  formed  directly 
on  the  freely  exposed  surfaces  of  glassy  filaments.  These  m  situ 
crevices  were  produced  by  cold  rolling  the  filaments  by  a  reduction 
of  up  to  38%.  Although  the  crevices  could  not  be  detected  by  SEM 
examination  of  surfaces  of  the  cold  rolled  filaments,  ah  e  -pen men¬ 
tal  evidence  indicates  that  they  indeed  were  created  during  the  de¬ 
formation  process.  Corrosion  also  was  studied  on  filament  surfaces 
deformed  m  compression  with  a  tool  steel  punch.  Thinning  the 
filaments  m  compression  with  a  punch  produced  intense  localized 
deformation,  but  without  the  simultaneous  formation  of  tensile 
microcracks.  After  deformation,  the  filaments  were  ultrasomcaliy 
cleaned  m  trichloroethylene,  then  acetone,  and  then  rinsed  <n 
distilled  water.  They  were  mounted  on  the  ends  of  tubular  glass 
electrode  holders  and  subiecttd  to  various  types  of  anodic  polariza¬ 
tion  in  electrolyte  containing  sodium  chloride. 
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TABLE  1  -  Compositions  of  Alloy*  Used  in  Corrosion  Studies 


Compoaraon,  At%(  1  * 

Preparation 

Technique 

Source 

Glam 

Fe 

Ni 

Cr 

F 

B 

V<2) 

a 

Mn 

Malt  Spinning 

Sana)  la 

Yes 

45 

30 

2 

15 

6 

2 

Yea 

42 

30 

5 

15 

6 

2 

Yae 

40 

30 

7 

IS 

6 

2 

Yaa 

37 

30 

10 

IS 

6 

2 

Yea 

31 

30 

16 

IS 

6 

2 

Matt  Spinning 

Allied 

Chemical 

Corporation 

Yaa 

32 

36 

14 

12 

6 

Conventional 

Mill 

No 

69 

8 

20 

13 

1.7 

(Typa  304 
nainttas  itaal ) 

^Composition  of  Typ#  30*  is  nominal. 
^Vanadium  was  present  as  an  impurity. 


FIGURE  1  -  Schematic  diagram  of  instrumented  sail  usad 
for  electrochemical  nudias  of  c ran oa  corrosion. 


craviea  and  wu  connactad  to  a  bundta  of  similar  filaments  in  the 
bulk  sfactroiyta  through  a  aaro  rasistanca  ammatar  (ZRAI.  Thus, 
cravica  corrosion  currant,  or  "call  currant"  flowing  between  the 
cremes  specimen  (anode)  and  external  specimen  (cathode),  could  be 
measured  at  a  function  of  experimental  paramatars.  The  anode-to- 
cathode  area  ratio  was  maintained  at  about  1:10  throughout  the 
expert  mentation. 

The  sfactroiyta  usad  during  most  of  the  research  with  this  call 
was  1M  NaCI.  It  waa  maintained  at  a  pH  of  7  throughout  each 
experiment  by  periodic  titration  with  appropriate  amounts  of  dilute 
NeOH  or  HO  solution.  Thus,  the  pH  of  the  eatholyta  waa  held 
constant  but  that  of  the  anofyte  mas  allowed  to  nary.  The  cathofvte 
was  also  oxygenated  during  each  experiment  to  insure  an  adequate 
supply  of  cathodic  reactant.  Most  experiments  ware  performed  at 
ambient  temperature,  though  some  ware  performed  at  85  C. 

In  practice,  me  call  was  assembled  and  steady  state  conditions 
of  electrode  potential  were  ailowad  to  deveioo.  Next,  the  cramca 
and  external  electrodes  were  electrically  connected  through  the 
ZRA  and  the  resulting  current  flow,  if  any.  was  monitored  by  means 
Of  the  proportional  output  from  the  ZRA.  Relatively  few  experiments 
were  conducted  under  freely  corroding  conditions  baesusa  crev-ce 
corrosion  did  not  occur  at  detectable  rates  in  reasonable  time 
intervals  of  about  2*  hours.  Therefore,  the  external  electrode 
bundle  was  polarized  anodtcally  by  means  of  sn  electronic  ootentio- 
stat.  Often,  a  series  of  po  tan  rials  was  applied  stepwise  during  s  angle 
experiment,  which  was  terminated  when  the  craves  filaments  were 
dissolved  or  corroded  into  several  pieces. 

Results  and  Discussion 


Electrochemical  Measurements  of  Crevice  Corrosion 

A  crevice  cell  instrumented  with  appropriate  electrodes  was 
used  to  ootam  information  eoout  the  electrocnemical  nature  of 
crevice  corrosion  of  glassy  alloys.  The  cell,  adapted  from  a  similar 
design  used  Ov  Efird  and  Vsrink,4  is  shown  schematiaily  m  F-gura  1. 
It  consisted  of  a  small  crevice  chamber  of  about  one  inL  volume  m 
contact  with  one  liter  of  oulk  electrolyte  tnrougn  a  fine  fnned  disc. 
Inside  the  crevice  chamber  were  coned  about  three  cm !  of  filament, 
wnich  served  «  the  anode  during  the  crevice  experiments.  A 
siiver-S"ver  chloride  lAg, AgC!)  micro*rsferencs  electrode  and  a 
semi  micro  comomation  oH  electrode  also  penetrated  into  the 
crevice  region,  -nereov  enaoimg  measurements  of  siec'rode  poten¬ 
tial  an o  pm  of  crevice  electrolyte  to  be  made  continuously  during 
each  exoer  ment  An  eiectncai  eed  that  was  I0‘d*red  :o  the 
filament  and  masked  with  an  acid  resistant  >acauer  exited  the 


Effects  of  Deformation 

Qunng  the  previous  investigation. *  it  wu  reasoned  that  the 
most  severe  crevice  geometry  that  could  be  formed  m  these  auovs 
would  result  from  production  of  microc racks  n  filament  surfaces 
Such  cracks,  which  apparently  had  been  produced  in  Metgias  2828A 
by  cold  rolling,  would  b*  extremely  tight  end  surrounded  bv  'z.-ge 
areas  of  uneracked  material  to  act  as  a  cathode  To  determine 
whether  microcracks  would  initiate  localized  attack  of  the  auovs 
used  in  this  study,  a  filament  of  glassy  anov  containing  16  atomic 
percent  Cr  wet  cold  roned  to  a  38%  'eduction  n  thickness, 
examined  by  SEM,  and  then  anodicaiiy  poianied  m  1M  NeC:  at  oH 
7  Results  of  this  polarization  and  SEM  photograc  of  specimen 
surfaces  are  shown  n  Figures  2  end  3.  The  waw  nature  o*  tne  shear 
bands  us  Figure  3  reflects  the  absence  of  crystallographic  s  >t  was 
characteristic  of  this  specimen,  and  an  others  tnat  were  coid  'oi'ed 
during  this  research  program,  that  the  surface  creeks  could  not  be 
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FIGURE  2  -  Potentiodynamic/potentioatatic  polarization 
curm  for  a  IS  atomic  parcant  O  glassy  alloy  in  ttia 
undeformed  and  cold  rollad  conditions  (Rat.  S). 


FIGURE  3  -  SEM  photographs  of  surfaces  of  glassy  filament* 
containing  16  atomic  parcant  of  eftromium.  (al  After  cold 
reduction  by  25%.  (bl  after  38%  cold  reduction,  than  anodic 
polarisation  in  1M  NaCt  at  0.60  V  (SCO  (Raf.SI. 


resolved  mieroacooicallv.  Tharafora.  all  statements  regarding  their 
presence  arc  made  by  inference  from  corrosion  behvrior  rather  than 
by  their  direct  observation. 

Figure  2  shows  that  cold  rolling  caused  a  large  active  dissolution 
peak,  and  it  increased  the  passive  current  density  significantly  owr 
that  of  the  as-spun  specimen.  However,  during  the  60  minute  hold 
at  0.60  V  ISCE),  the  current  density  dec  reeled  rather  than 
increased,  the  latter  being  expected  if  device  corrosion  ware 
increasing  in  severity.  At  the  and  of  the  60  minute  period  a  negative 
hysteresis  was  observed,  which  was  based  on  the  assumed  occur¬ 
rence  of  crevice  corrosion  during  the  forward  potential  sweep. 

Examination  of  the  cold  rolled  specimen  by  SEM  (Figure  3b) 
raved ed  many  small  pits  ranging  up  to  10 jzm  in  diameter.  The  pit 
density  was  several  orders  of  magnitude  greater  on  the  cold  rolled 
specimen. 

The  behavior  described  above  was  rationalized  by  proposing 
that,  upon  anodic  polarization,  the  nucrocrscks  in  the  cold  rolled 
specimen  experienced  transient  crevice  corrosion,  widened,  and 
eventually  passivated.  This  hypothesis  was  tested  in  the  present 
study  in  two  wavs.  One  was  to  polarize  a  cold  rolled  specimen  in 
such  a  way  as  to  exhaust  all  sites  for  crevice  attack,  and  than 
determine  if  its  subsequent  polarization  behavior  returned  to  that  of 
a  nondeformed  specimen.  Once  all  microcracks  had  been  widened 
by  corrosion  and  passivated,  they  should  not  have  influenced  anodic 
polarization  behavior  during  subsequent  potential  scans.  To  test  the 
validity  of  this  hypothesis,  a  strip  of  Metres  2826A  was  cold  roiled 
to  about  30%  reduction  in  thickness  and  polarized  for  one  hour  at 
0.60  V  (SCE)  in  1M  Ned.  pH  7.  During  this  time,  the  specimen 
exhibited  more  rapid  anodic  diasioution  relative  to  a  nondeformed 
counterpart:  furthermore,  after  polarization,  the  surface  was  heavily 
pitted.  After  examination  by  SEM,  the  same  specimen  was 
reinserted  into  the  electrolyte  and  a  potenoodynamic  anodic 
polarization  curve  waa  obtained.  This  curve,  together  with  one  from 
a  nondeformed  filament,  are  displayed  in  Figure  4.  The  nearly 


FIGURE  4  -  Fotentiodynamic  polarization  curves  for 
Matglaa  2826A  in  the  non-eofd  rolled  condition,  and  after 
prior  potentioetatic  polarization  for  one  hour  at  0.60  V 
(SCE)  in  1M  NeCI.  pH  7. 


coincident  nature  of  the  two  curvet  supports  the  hypothesis  that 
microcracks  are  the  cause  of  the  transient  localized  attack  of  cold 
rollad  filaments.  Additional  evidence  it  presented  in  Figure  5.  which 
shows  the  surface  of  cold  rolled  Metglas  2826A  after  the  first 
(potentiottatic)  polarization  at  0.60  V  (SCE).  and  another  region 
after  potentiodynamic  polarization  to  1.50  V  (SCE)  and  back  to  the 
free  corrosion  potential.  The  morphology  of  attack,  especially  pit 
depth  and  number  of  pits  per  unit  area,  is  similar  for  the  regions 
shown  m  Figure  S(al  and  S(bl.  again  indicating  that  the  second 
polarization  did  not  create  significant  new  localized  attack. 

The  foregoing  represents  one  test  of  the  hypothesis  that  surface 
microcracks  were  the  cause  of  localized  attack.  However,  an 
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FIGURE  5  -  $£M  pfcotogrepJt*  of  surface*  of  Metgte*  2826A 
filaments  »fr*r  $  25%  reduction  in  thicfcn«w.  (a)  Fits  formed 
after  polarisation  for  one  hour  at  0.50  V  (SCE)  in  1M  NaCI, 
pH  7,  (b)  another  region  on  same  specimen  after  potantio- 
dynamic  polarisation  to  1.5  V  (SCO  in  1M  NaCI,  pH  7. 


alternate  explanation  is  mat  the  intense  cold  work  at  certain  shear 
pends  caused  localized  crystallization,  and  that  mesa  crystalline 
regions  experienced  accelerated  attack.  (Met^ai  28 26 A  corrodes  at 
very  rapid  ratas  after  tnermai  cry  stagnation  *)  It  was  reasoned  that 
'ntenje  deformation  of  filaments  with  the  absence  of  microcrack 
formation  should  result  m  polarization  behavior  that  is  similar  to 
that  of  nondeformed  filaments  if  rmcrocracks  and  not  localized 
crystallization  are  me  necessary  cn tenon  Oeformation  -n  the 
aosence  of  microcrack  formation  was  achieved  by  reducing  the 
‘.lament  thickness  bv  compression.  Soecificaiiy.  filaments  were  cold 
'educed  uo  to  about  -n  micxness  by  impact  with  a  tool  staei 
ounen  Punching  maintained  a  state  of  oca i  compression  dur/ng 
de‘ormanon.  um ike  co'd  roiimg,  which  created  a  state  of  tension  on 
me  specimen  surface  Secause  me  surface  undergoing  tne  most 
•nren*e  deformation  was  <■*  a  state  of  compression  during  punentnq, 
microc'acks  were  not  exoecteo  to  develop  Results  of  one  suen 
exoer^menT  are  oresenrep  n  F.gure  5.  which  snows  deformed 
regions  oe'ore  and  jfre#  oo>ar  zation  in  1 M  NaC  at  pH  7  F-gure 
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FIGURE  8  -  SEM  photograph!  of  surfaeet  of  Matglat  2826A 
Hut  wot  reduead  in  thickneta  bv  about  10%  bv  punching.  (•) 
Surface  after  punching.  (b)  anotftar  ration  altar  punching. 
Hun  polarizing  for  ono  hour  at  0.60  V  (SCSI  m  1M  NaCI,  pff 
7. 


8(a)  documents  tht  fact  that  Hu  punching  procaa  produced  mtenu 
local iraa  deformation,  at  avidont  by  tht  thaar  bandt.  Figure  6(b), 
which  is  anothar  ragion  of  me  unu  specimen  altar  cleaning  and 
polarizing  at  0.60  V  (SCE!  for  ona  hour,  ahowa  a  complete  abaanca 
of  out  Thus,  uo  to  10%  ptattic  daformation  in  tha  abunce  of 
microcrack  formation  it  riot  tuffieiant  to  product  locahztd  attack 
during  anodic  ooltntation  Thit  wot  varifitd  bv  ekamimng  tna 
surfacat  of  tavaral  toacimant  that  had  boan  thinnad  bv  Ounching 
and  than  anodicaiiy  ooianttd:  <n  no  casa  wat  coorous  oirtmg 
obtarved  tuch  at  that  shown  .n  Figure  5.  (Although  it  was  desirable 
to  avaiuat*  comoresuvr  ttrainj  comoarabla  to  thou  oroducad  bv 
cold  -oiling,  attrmott  ro  oroduca  itramt  graatar  than  about  10%  bv 
ounchmg  caused  tha  filaments  to  oraan  into  oueat.) 

It  has  bean  shown  that  oiattie  deformation  of  gutsy  anov 
fiiamants  by  rolling  -asuits  n  I  cravica  corrosion  tyoa  of  attack  at 
potentials  at  and  ba  ow  0  60  V  .  SCE  >  in  neutral  )M  NaCI  solution. 
It  aooaars  that  tha  cracks  thamsafyft.  and  not  tha  daformation  that 
accomoanits  crack  formation,  oromott  this  attack  Tht  craviett 
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FIGURE  7  -  Call  currant,  anode  potential  and  anolyta  pH 
versus  tine  for  Type  304  stainless  steel  aaeluatad  in  the 
instrumented  era  rice  call  in  1M  NaCi,  pH  7,  oxygenated,  at 
22  C. 


propagated  by  corrosion  into  tha  alloy  to  depths  of  only  a  few 
microns,  at  which  time  they  widened  and  passivated. 

Crevice  Ceil  Experiments 

Previous  research  showed  that  tha  critical  potential  for  causing 
envies  corrosion  on  cold  rolled  16  Cr  filaments  was  barely  enodk  to 
the  free  corrosion  potential  in  1M  NeCl.  yet  it  was  abow  1  V  (SCE) 
in  a  fabricated  crevice  call.  Therefore,  it  was  decided  to  investigate 
this  apparent  anomaly  by  learning  more  about  tha  electrochemical 
conditions  that  develop  within  propagating  crevices  in  glassy  alloys. 

An  indication  of  typical  data  obtained  from  the  instrumented 
crevice  cell  is  shown  in  Figure  7  for  Type  304  stainless  steel.  In  this 
experiment.  Type  304  stainless  steal  was  polarized  at  room 
temperature  in  IM  Ned  at  a  bulk  pH  of  7.0  and  saturated  with 
oxygen.  After  polarization  for  600  minutes  st  a  potential  of  0.00  V 
(SCE)(1)  applied  to  the  freely  exposed  electrode,  no  cell  current 
was  observed;  therefore,  0.100  V  (SCE)  was  applied  and  another 
1000  minutes  ware  allowed  to  alapae.  Again,  crevice  corrosion  was 
not  detected  as  evidenced  by  the  absence  of  cell  current,  to  0.200  V 
(SCE)  was  apolied.  In  a  matter  of  minutes,  the  celt  current  rose  to 
over  8  mA/em2.  *  the  potential  of  tha  crevice  specimen  decreased 
from  0.24  to  about  0.1  V(Ag/AgOI.  and  the  anoiyte  pH  decreased 
to  below  l  These  changes  are  in  agreement  with  electrochemical 
theory  regarding  the  mechanism  of  crevice  corrosion  and  occluded 
call  corrosion  in  general,  and  they  serve  to  illustrate  the  type  of 
information  that  was  obtained  from  the  instrumented  cell. 

Results  obtained  with  the  2  Cr  patsy  alloy  are  typified  in 
Figure  8.  No  crevice  corrosion  occurred  at  the  free  corrosion 
potential  or  at  potentiostatically  applied  potentials  cathodic  to  0.60 
V  (SCE).  Accordingly,  that  portion  of  tha  experiment  occurring 
before  the  application  0.80  V  (SCE)  was  omitted  from  the  plot 
because  no  significant  changes  in  current,  potential,  or  pH 
occurred.  Upon  application  of  0.80  V  (SCE),  the  call  current 
density  rote  rapidly  to  over  70  (iA/em* .  However,  unlike  with  Type 
304  stainless  steel,  the  cell  current  did  not  continue  to  increase.  This 
would  have  indicated  a  loss  of  passivity  over  an  ever  increasing 
fraction  of  crevice  area,  combined  with  an  increasing  aggressiveness 
of  the  corrodent.  Instead,  it  gradually  decreased.  Tha  pH  of  the 
anoiyte  continued  to  decline,  presumably  the  result  of  hydrolytisof 


( 1  Potentials  of  the  freely  exposed  (cathodal  specimen  are  quoted 
relative  to  a  saturated  calomel  electrode.  SCE.  whereas  those  of 
the  crevice  (anode)  specimen  are  quoted  relative  to  a  silver-silver 
chloride  electrode.  Ag/AgCl.  The  Ag/AgCl  electrode  was  about 
40  mV  mors  positive  then  the  SCE,  0.00  V  (SCE)  ■  0.04 
VI  Ag/AgCO 

<j,Aii  current  densities  are  referred  to  the  anode  area,  which  was 
about  1cm2 


FIGURE  8  -  Call  currant,  anode  potential,  and  anolyta  pH 
vareus  time  for  a  2  Cr  glassy  alloy  evaluated  in  the 
instrumented  craviee  call  in  1M  Nad.  pH  7,  oxygenated,  at 
22  C. 


metal  cations.  Intarestingly.  tha  potential  of  tha  anode  did  not 
darrsats  significantly  balow  tha  potential  of  0-60  V  (SCE)  that  had 
bean  applied  to  tha  cathode  specimen  external  to  tha  crevice 
dtamber.  Anodic  dissolution  possibly  occurred  through  a  corrosion 
product  film  which,  through  its  presence,  was  able  to  maintain  a 
relatively  noble  potential  on  tha  anode  while  it  was  dissolving.  Tha 
final  sharp  dacraase  in  call  current  density  at  about  790  minutes  was 
causad  by  breakage  of  one  of  tha  anode  filaments  due  to  corrosion. 

Tha  influence  of  increasing  the  chromium  content  to  7  atomic 
percent  is  Flown  in  Figure  9.  Tha  affects  of  increasing  the  applied 


FIGURE  9  -  Call  current,  anode  potential,  and  anoiyte  pH 
versus  tints  for  a  7  Cr  glassy  alloy  evaluated  in  tha 
instrumented  crevice  call  in  1M  Nad.  pH  7,  oxygenated,  at 
22  C. 


cathode  potential  in  a  stepwise  fashion  are  reflected  in  the  stepwise 
potential  inert aasi  of  the  anode.  Measurable  current  did  not  flow 
until  1.20  V  (SCE)  was  applied,  after  which  a  current  transient 
ensued.  Application  of  1.30  V  (SCE)  produced  a  higher  transient 
current,  and  1.40  V  (SCE)  produced  a  still  higher  transient.  After  a 
few  minutes  had  elapsed  st  an  apolied  potential  of  1.40  V  (SCE). 
tha  cell  current  density  sudds  ly  increased  to  several  hundred 
iiA/cm2 .  The  solution  pH  at  the  beginning  of  rapid  crevice  corrosion 
was  about  2.  The  anode  potential  fluctuated  downward  by  only  a 
few  millivolts  at  the  onset  of  craves  corrosion,  paralleling  the 
relt  rely  steady  potential-time  behavior  of  the  2  Cr  specimen 
(Figure  8).  The  critical  crevice  corrosion  potential  measured  in  this 
particular  >.  penment  was  between  1 .30  and  1 .40  V  (SCE) . 

Figure  10  shows  behavior  for  tha  alloy  containing  16  atomic 
percent  chromium.  Application  of  1.20  V  (SCE)  to  the  cathode 
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FIQUItt  10  -  Call  currant,  mode  potential,  and  anotyra  pH 
raraia  time  foe  a  18  Cr  »*raev  alloy  aaaluatad  In  the 
Inetrumemed  craotaa  call  in  1M  NaO.  pH  7.  oxygenated.  at 
22  C. 


produced  call  currant  denary  of  about  20  pA/em1,  after  which  die 
the  currant  denary  decraawd  to  lea  Wan  10  .A/era5.  It  it 
■uaMcrad  that  this  wary  sudden  decreaca  in  currant  resulted  front 
breakage  of  one  of  dta  several  parallel  strands  of  allay  filament  in 
the  crevice  chamber.  (Theca  strata,  mere  connected  in  irellal  end 
coiled  inside  the  chamber  to  comprice  the  anode;  occasionally  e 
s'- and  wee  obeerveri  to  break  during  an  experiment  ac  a  result  of 
corrosion  and  the  stress  that  accompanied  coiling  of  the  strands.) 
Breakage  of  a  strand  had  the  effect  of  instantaneously  decreasing  the 
total  area  of  corroding  anode,  and  thus  of  causing  the  call  currant  to 
•all  suddenly  to  a  lovrar  value.  In  Figure  tO.  the  feet  that  the  call  cur¬ 
rant  remained  at  the  low  value  of  several  jiA/cm  indicates  that  the 
was  not  until  1.50  V  (SCE)  sues  applied  that  the  call  currant 
increased,  after  a  preliminary  increase  and  decline,  to  relatively  large 
values  indicating  the  onset  of  rapid  crevice  corrosion,  it  is 
interesting  to  note  that  1.40  V  (SCE).  even  in  the  presence  Of 
anolyta  acidified  to  a  pH  slightly  less  than  3.  «as  insufficient  to 
produce  continuing  crevice  attack.  Thus,  the  influence  of  increasing 
die  chromium  content  was  to  confer  a  vary  jrksd  ability  of  the 
glassy  alloys  to  maintain  a  passive  state,  aven  in  acidified  chloride 
slectrofy  tts  at  vary  oxidizing  potentials. 

Other  expenments  were  performed  that  further  emphasize  the 
ability  of  glassy  alloys  to  maintain  passivity  under  conditions 
promoting  crevice  corrosion.  One  such  experiment  it  depicted  in 
Figure  11.  which  provided  data  on  thecrevica  protection  potential. 
Crevice  corrosion  of  a  IS  Cr  filament  wes  rapidly  initiated  in  !M 
NsCl  by  applying  1.40  V  (SCE)  to  the  cathode  specimen,  thus 
cresting  s  call  currant  density  sxcaading  200  plA/em3  and  t  pH 
below  2.  Next,  the  spoiled  potential  was  decreased  by  100  mV  to 
1.30  V  (SCE).  resulting  m  a  limilar  shift  in  anode  potantitl  from 
1  44  to  1.34  v  (Ag/AgCl)  and  a  decrease  in  call  currant  essentially 
to  zero.  Further  decreases  in  potential  produced  no  maasuribfe 
affects  on  call  currant.  This  cycle  could  be  reoeated.  as  indicated  by 
the  onset  of  crevice  corrosion  when  1  50  V  ISCEI  was  applied  to  the 
cathode  and  the  decrease  m  currant  when  the  ootennei  was  returned 
to  less  noble  values.  Similar  trends  m  potential-current  behavior 
could  be  produced  with  Metgias  2826A. 

These  letter  exoenmenta  era  significant  because  they  demon¬ 
strate  th*t  ones  eravies  corrosion  is  initiated  with  14  Cr  and  16  Cr 
glassy  siiovs.  passivity  i  restored  <f  the  potential  a  decreased  by 
only  100  mV  below  that  reouired  to  initiate  the  attack  Thus,  the 
difference  between  the  crevice  initiation  potannai  and  the  eravies 
protection  potential  a  hi  man  about  100  mV  This  a  •  raistiveiv 
narrow  span  compared  to  those  of  many  crvstallma  stainless  stasis, 
wmen  n  some  casts  art  ssvt'sl  hundred  millivolts.  The  narrow  range 
between  these  two  potentials  emonesues  the  ability  of  gutsy  alloys 
to  pstiivatt  readily  ones  tns  very  oxidising  potentials  required  to 
prooegste  crevice  corrosion  ire  removed. 

Several  crevice  corrosion  experiments  were  conducted  si  65  C 
to  determine  whether  an  elevation  >n  ramearature  substantially 


FIQUHE  11  -  Cad  currant,  anoda  potential,  and  anolyta  pH 
sorsua  lima  for  a  IB  Cr  flawy  alloy  aealiiasao  in  tha 
inafrumantad  era  Woe  oalt  in  1M  NeCI.  pH  7.  oxygenated,  at 
22  C. 


attars  tha  bahavior  of  these  allays.  No  significant  differences  vran 
noted  between  corrosion  behavior  determlnod  at  22  and  B5  C.  Any 
eemparatura  affects  were  not  discernible  outside  of  tha  range  of 
experimental  reoroducibkitv.  Tha  data  show  that  aran  at  85  C. 
cravica  attack  occurred  only  at  potentials  above  about  1  V  (SCE) 
for  tha  chromium-containing  glassy  alloys,  in  general  agreement 
with  experiments  performed  at  room  temperature. 

Summary 

Tha  primary  reason  for  investigating  cravica  corrosion  of  pes«Y 
•Hoys  ww  to  differentiate  between  initiatioswaiatad  and  propaga- 
t ion- related  corrosion  behavior  It  was  reasoned  that  crevices  vwsuld 
provide  raody  made  One  for  initiation  of  localized  attack,  sites 
which  do  not  exist  on  freely  exposed  glassy  sltov  surfaces  because  of 
tha  very  homogeneous  nature  of  the  alloy  structure  Meeeurement 
of  susceptibility  to  cravica  corrosion  would  help  to  determine 
whether  the  corrosion  resistance  exhibited  by  these  alloys  extsnds 
to  propagation  as  wall  as  initiation  phenomena. 

A  study  of  anodic  polarization  showed  that  craves  corrosion 
should  logically  be  expected  to  occur;  tha  siiovs  txhibittd  enhanced 
corrosion  at  reduced  electrolyte  pH  such  as  mould  be  extracted  to 
devaioo  during  occluded  cell  corrosion,  thus  ensuring  some  degree 
of  stability  of  active-passive  cells  on  specimen  surfaces  5  However, 
tha  vary  corrosive  conditions  reouirad  to  produce  corrosion  of  these 
alloys  tt  sensible  rates  indicated  that  tha  degee  of  susceptibility  to 
crevice  corrosion  would  be  considerably  less  that  that  of  many 
crystalline  stasis  of  similar  chromium  content,  under  similar 
exposure  conditions.  Subsequent  expenments  confirmed  these 
predictions.  Specifically,  cold  rolling  the  filaments  produced  a  slight 
susceptibility  to  to  chanced  dissolution,  presumably  Am  to  tha 
formation  of  surface  microcreeks  that  initiated  cravica  corrosion. 
However,  tha  dsoth  of  attack  was  only  several  |im  whan  the  crevices 
pasuvatad. 

Exoef i mentation,  initially  with  a  sandwich-type  crevice  cell  end 
subsequently  with  the  instrumented  cell,  verified  that  susceptibility 
of  the  chromium-conte inmg  gassy  alloys  to  eravies  corrosion  was 
indead  slight.  Altnough  classical  eravies  attack  involving  localized 
anodic  dissolution  an d  acidification  of  the  anolyta  could  be  made  to 
occur  quite  oxidizing  (noblel  potentials  ware  required  These 
potentials  were  more  then  1000  mV  more  noble  tor  the  16  Cr  gassy 
ploy  than  lor  Type  304  stainless  stew  inte—ttingiY.  the  potentials 
of  gtatsv  eravies  (inode)  specimens  did  not  decrasse  markedly  alter 
the  onset  o*  crevice  corrosion,  but  rattier  ttiev  remained  withm 
several  millivolts  of  me  oorentiei  aooiied  to  the  cathode  Tins 
benavior  can  t.  interpreted  as  a  resistance  to  oss  of  oesuv.tv 
dissolution  occurring  instead  tnroupi  a  film  that  oravaiiad  't'ltive'v 
■ntact  during  cravica  Cw  -osion  Thu  tandenev  td  rtmiin  covered  Ov 
a  passive  layer  is  m  contrast  to  me  oenavior  of  crystai'me  tta-niess 
Steen,  which  experienced  a  loss  o*  passivity  that  increased  with  t  me 
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as  corrosive  conditions  within  the  criwct  became  established.  An 
indication  of  welt  a  time-dependent  activation  it  tha  large  cathodic 
drift  in  dactrada  potantiai  axhibitad  by  Typa  30*  ttainiaa  ttaai  in 
Figure  7. 

Thit  ra aaarch  indtcaiw  that  corrotion  roaiatanca  of  glany  ailoya 
extends  to  prooagation  w  wail  aa  initiation  of  localized  corrotion. 
Tha  ailoya  axhibitad  an  aepa/ant  strong  tandancy  to  remain  covered 
with  a  deceive  film,  which  other  etudiat  have  drown  to  be  analogous 
in  structure  and  composition  to  tha  hydra  tad  chromium  oxyhy- 
cXoxida  found  on  conventional  chromium  bearing  steals.*  It  it  tha 
ability  of  this  film  to  axiat  under  extremely  corroaiM  conditions 
that  confers  excellent  corrosion  resistance.  This  ability,  in  turn, 
presumably  results  from  tha  homogeneous  nature  of  tha  alloys;  that 
is.  the  absence  of  structure!  defects  in  tha  alloy  matrices  contributes 
to  tha  integrity  of  tha  film.  It  is  probable  that  tha  chemistry  of  tha 
alloys  also  contributes  to  their  excellent  passivity.  It  has  been 
claimed  that  tha  presence  of  phosphorus  strongly  benefits  this 
enhanced  passivity,  and  that  it  confers  corrosion  resistance  by 
creating  rapid  anodic  dissolution  at  unfilmed  sitae  and  thereby 
accelerating  reformation  of  tha  film;  in  other  words,  by  promoting 
passivity  *•* 0  However,  results  presented  recently  by  Wang  and 
Marz10  have  shown  that  extremely  corrosion  resistant  glassy  alloys 
can  be  prepared  without  phosphorus,  thereby  casting  doubt  on  tha 
concept  that  phosphorus  is  essential  for  extrema  corrosion  resist¬ 
ance.  The  question  of  tha  roia  of  phosphorus  and  other  metalloid 
additions  on  conferring  passivity  should  ba  tha  subject  of  future 
research. 


Conclusions 

Glassy  Fe-Ni-Cr-P-B  alloys  exhibited  considerable  resistance  to 
crevice  corrosion.  This  behavior  parallels  their  demonstrated  ability 
to  resist  pitting,  and  it  reflects  their  extremely  passive  nature.  Cotd 
rolling  can  induce  limited  susceptibility  to  crevice  attack,  although 
tha  crevices  propagate  to  depths  of  only  several  cm  end  then 
passivate.  Crevice  corrosion  can  also  be  produced  in  a  prepared 
crevice  within  an  electrochemical  call,  although  anodic  Polarization 
to  oxidizing  potentials  exceeding  about  t  V  (SCE)  it  required  to 
cause  attack  of  tha  higher  chromium  alloys.  Ounng  this  attack,  the 
anolyte  pH  decreases  to  below  2,  but  tha  anoda  potantiai  doas  not 
activata  as  in  tha  case  of  crystalline  ttainleta  steals.  The  nobie  nature 
of  the  anode  potential  during  crevice  corrotion  is  interpreted  w 
resulting  from  tha  presence  of  a  partially  protective  film  that  it 
present  during  dissolution.  Tha  small  anodic  current  densities  that 
resulted  are  further  evidence  of  the  presence  of  this  film. 
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Glassy  alloys  containing  Cr,  P,  and  various  other 
elements  have  been  shown  to  possess  excellent  corro¬ 
sion  resistance  by  a  number  o t  workers  (1-8),  and 
were  the  subject  of  a  recent  review  by  Masumoto  and 
Hashimoto  (9).  These  alloys  resist  localized  as  well  as 
general  corrosion  in  electrolytes  such  as  FeClj  and 
acidified  NaCl.  Furthermore,  as  little  as  2  or  3  a/o 
of  alloyed  chromium  are  sufficient  to  confer  this  re¬ 
sistance  (7).  The  interest  in  these  alloys  presently  is 
of  a  rather  fundamental  nature,  such  as  learning  more 
about  the  influence  of  structure  on  corrosion  and  pas¬ 
sivity.  However,  it  is  clear  that  glassy  alloys  have 
practical  value  as  corrosion  resistant  coatings  provided 
that  a  means  can  be  developed  for  applying  them  as 
such. 

An  inherent  feature  of  the  fabrication  of  many  cor¬ 
rosion  resistant  glassy  alloys  is  the  high  quench  rate, 
about  105  C/sec,  necessary  to  attain  the  glassy  struc¬ 
ture  upon  solidification  from  the  melt.  Elaborate  tech¬ 
niques.  such  as  melt  spinning  (10)  and  melt  extraction 
(11),  typically  are  used  to  attain  these  high  quench 
rates.  A  limitation  of  all  liquid  quenching  techniques 
is  that  the  dimension  of  the  specimen  is  necessarily 
thin  in  the  direction  of  heat  extraction;  typically,  this 
dimension  is  about  50-75  um.  with  about  125  a  rea¬ 
sonable  upper  limit  for  this  class  of  alloys.  Although 
the  filaments  and  narrow  strips  that  result  from  liquid 
quenching  are  suitable  for  laboratory  research  studies, 
they  cannot  be  utilized  as  coatings.  Sputtering,  on  the 
other  hand,  is  a  vapor  deposition  technique  used  for 
coating  large  areas  and  complex  geometries  with  thick 
deposits.  Therefore,  sputtering  was  investigated  as  a 
possible  means  for  depositing  extremely  corrosion  re¬ 
sistant  Cr-containing  alloys  in  the  glassy  state. 

Experimental 

The  sputtering  targets  used  during  this  research 
had  the  compositions  Fe4sNi1nCr2VJP,-,B«  and 
FeaiNiioCruVjPuBd.  Vanadium  was  an  impurity  un¬ 
intentionally  added  through  use  of  a  ferrophosphorus 
alloy.  The  primary  variable  was  chromium,  which  was 
either  2  or  16  atomic  percent  (a/o).  The  alloys  were 
prepared  by  melting  together  appropriate  quantities 
of  components  in  an  induction  furnace  under  an  argon 
atmosphere,  homogenizing  for  H  hr,  and  then  pouring 
into  cyclindrical  molds  13  cm  in  diam.  Sputtering  was 
performed  at  Battelle’s  Northwest  Laboratories  with 
triode  sputtering  equipment.  It  was  performed  in 
krypton  at  rates  between  25  and  40  *m/hr.  The  sub¬ 
strate  was  copper,  chilled  either  to  — 196’C  or  water 
cooled  to  about  15*C.1  Three  types  of  deposits  were 
prepared,  namely,  16  Cr  sputtered  onto  copper  at 
either  15*  or  — 198*C.  and  2  Cr  sputtered  onto  copper 
at  —  196*C.  The  deposits  were  about  «m  thick,  non- 
porous,  and  extremely  adherent  to  the  substrates.  For 
the  purpose  of  comparison,  liquid  quenched  specimens 
were  prepared  by  melt  spinning  as  previously  de- 
scribed  (7). 

K it  words:  plttlnf,  -'ssstvlty,  amorphous,  malt-aplnnln*. 

1 1 or  convomoncs  ti.  coppar  substrata  ttmparaturts  aro  re- 
tarred  to  either  as  -1M'  or  is  C.  In  actual  (act  the  temperatures 
may  have  been  somewhat  higher  because  of  the  heat  dissipated 
during  the  sputtering  process. 


The  state  of  crystallinity  of  the  deposits  was  ex¬ 
amined  by  thin  foil  transmission  electron  microscopy 
(TEM).  selected  area  electron  diffraction  (SAD),  and 
differential  scanning  calorimetry  (DSC).  Surface  to¬ 
pography  was  characterized  by  scanning  electron 
microscopy  (SEM),  and  composition  by  x-ray  fluores¬ 
cence  (ED AX)  Results  were  compared  to  those  ob¬ 
tained  from  glassy  alloys  of  nearly  identical  compo¬ 
sition  but  prepared  by  melt  spinning.  Prior  to  struc¬ 
tural  characterization  the  deposits  were  removed  from 
the  copper  substrates  by  dissolving  the  copper  in  con¬ 
centrated  nitric  acid.  The  deposits  were  not  noticeably 
affected  by  this  treatment. 

Corrosion  was  measured  gravimetrically  with 
coupons  exposed  in  10%  FeCls  solution  at  ambient 
temperature,  and  by  potentiodynamic  anodic  polariza¬ 
tion  in  neutral  and  acidified  1M  NaCl  solutions.  Sput¬ 
tered  deposits  were  subjected  to  gravimetric  measure¬ 
ments  after  first  removing  them  from  the  copper  sub¬ 
strates  as  described  above.  For  anodic  polarization  the 
specimens  were  left  intact  on  the  copper,  which  was 
masked  with  an  acid  resistant  stop-off  lacquer. 

Results  and  Discussion 

Structure. — Examination  of  the  three  sputtered  de¬ 
posits  by  TEM  indicated  the  absence  of  resolvable 
structure,  in  particular,  microcrystalline  regions  and 
associated  grain  boundaries.  SAD  verified  the  absence 
of  detectable  crystallinity,  as  denoted  by  broad  diffuse 
ring  patterns.  Thus,  the  structures  of  the  deposits  were 
completely  glassy  within  the  limits  of  resolution  of 
the'e  two  techniques. 

DSC  results  from  sputtered  and  melt  spun  alloys  are 
summarized  in  Table  I.  The  crystallization  tempera¬ 
tures,  Tc,  of  sputtered  vs.  melt  spun  alloys  differed  by 
1 1  *C  for  the  2  Cr  alloys  and  by  4°C  for  the  16  Cr  al¬ 
loys.  The  heats  of  crystallization,  A Qc,  varied  by  about 
15%  for  the  2  Cr  alloys  and  by  about  12%  for  the  16 
Cr  specimens.  There  were  no  obvious  trends  in  Tc  and 
aQc  relative  to  the  method  of  specimen  preparation, 
i.e.,  sputtering  or  melt  spinning.  Furthermore,  the  ef¬ 
fect  of  substrate  temperature  on  these  parameters  for 
the  16  Cr  material  does  not  appear  to  be  significant.  It 
is  apparent  from  Table  I  that  the  crystallization  be¬ 
havior  of  the  sputtered  2  Cr  and  16  Cr  deposits  ap¬ 
proximated  that  of  melt  spun  alloys  of  the  same  com¬ 
positions. 

Compositions  of  the  sputtering  targets  and  corre¬ 
sponding  deposits  were  compared  to  determine  whether 


Toble  I.  Temperatures  end  heats  at  crystallization  of 
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enrichment  or  depletion  of  any  elements  had  occurred 
during  sputtering.  Variations  in  concentration  between 
target  and  deposit  were  generally  1  a/o  or  less.  An  ex¬ 
ception  was  the  chromium  content  of  the  nominal  16 
Cr  alloy,  which  was  2.3  a/o  higher  in  the  deposit.  An 
important  observation  is  that  phosphorus  was  not  de¬ 
pleted  in  the  deposit  Since  phosphorus  is  needed  to 
achieve  the  glassy  state  and  to  enhance  corrosion  re¬ 
sistance,  it  is  significant  that  it  can  be  sputtered  at  a 
concentration  that  is  close  to  that  in  the  target.  No 
information  could  be  obtained  about  the  initial  and 
final  concentrations  of  boron,  since  quantification  of 
boron  by  ED  AX  was  not  possible. 

Surface  topography. — The  surfaces  of  sputtered  spec¬ 
imens  contained  numerous  hillock-shaped  mounds. 
Figure  1  shows  SEM  photographs  of  the  as-sputtered 
surfaces  of  several  deposits.  Figure  1(a)  shows  these 
hillocks,  which  were  present  to  a  greater  or  lesser  de¬ 
gree  on  all  sputtered  specimens.  Figure  1(b)  is  a  higher 
magnification  view  of  these  features.  Although  still 
present,  the  hillocks  were  smaller  and  fewer  on  the  16 
Cr  specimen  sputtered  onto  a  water-cooled  substrate. 
Fig.  1(c).  This  behavior  agrees  with  prior  sputtering 
experience  with  other  alloys,  i.e.,  that  warmer  sub¬ 
strate  temperatures  favor  less  pronounced  growth  fea¬ 
tures.  Chromium  content  in  the  alloy  did  not  strongly 
affect  their  formation  for,  as  shown  in  Fig.  1(d),  they 
were  also  present  on  the  deposit  containing  2  Cr.  (Sev¬ 
eral  of  the  larger  hillocks  had  been  broken  off  during 
handling,  hence  their  truncated  appearance.)  Hillocks 
such  as  those  shown  in  Fig.  1  were  not  present  on  melt 
spun  filaments,  although  shallower,  less  cone-shaped 
mounds  could  be  found  on  the  shiny  surfaces  of  the 
filaments. 

The  source  of  the  hillocks  shown  in  Fig.  1  is  not 
known,  although  they  sometimes  appear  on  other  types 
of  sputtered  alloys  including  crystalline  alloys  of  con¬ 
siderably  different  compositions  than  those  reported  in 
the  present  investigation.  They  are  thought  to  result 
from  growth  instabilities  that  occur  during  deposition 
of  atoms  onto  a  substrate.  Their  significance  to  alloy 
properties  is  not  known:  however,  it  is  shown  in  a  later 
section  that  they  were  not  preferred  sites  for  localized 
corrosion,  neither  did  they  compromise  the  corrosion 
resistance  of  the  deposits. 


flg.  1.  SIM  photographs  of  swfacts  of  sputtarad  deposits  (s), 
(h)  16  Cr  (IN:  substroto);  (c)  16  Cr  (watsr-coolad  substrots);  (d) 
2  Cr  (INj  substrata). 
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Corrosion  behavior. — The  corrosion  behavior  of  sput¬ 
tered  and  melt  spun  specimens  under  freely  corroding 
conditions  was  compared  in  10%  FeClj  solution.  Data 
were  obtained  on  duplicate  specimens  after  167  hr  of 
exposure,  and  the  corrosion  rates  were  extrapolated 
to  a  <im/year  basis.  The  corrosion  rates  of  the  2  Cr 
deposits  averaged  1114  Mm/year,  whereas  those  of  the 
2  Cr  melt  spun  alloy  averaged  427  ^m/year  or  38%  of 
the  former  value.  Analogously,  the  corrosion  rates  of 
the  16  Cr  deposit  averaged  1.8  jim/year  and  those  of 
the  16  Cr  melt  spun  alloy  averaged  3.S  pm/year,  or 
43%  of  the  former  value.  Three  features  are  particu¬ 
larly  noteworthy  regarding  these  data,  as  follows: 

(i)  The  effect  of  increasing  the  chromium  concen¬ 
tration  in  the  sputtered  deposits  was  to  reduce  greatly 
the  corrosion  rates,  in  parallel  with  the  influence  of 
chromium  in  melt  spun  specimens. 

(ii)  Corrosion  rates  of  the  2  Cr  deposits  were  about 
two  to  three  times  greater  than  those  of  the  corre¬ 
sponding  melt  spun  specimens. 

(iii)  Corrosion  rates  of  both  the  melt  spun  speci¬ 
mens  and  the  sputtered  deposits  containing  16  Cr  were 
relatively  low,  indicating  that  the  alloys  were  spon¬ 
taneously  passive  in  the  FeClj  solution. 

Anodic  polarization  was  used  to  obtain  more  detailed 
information  about  corrosion  behavior,  as  shown  in  Fig. 
2  and  3.  Figure  2  shows  that  the  2  Cr  sputtered  deposit 
underwent  an  active-passive  transition  in  1M  NaCl, 
pH  3,  whereas  the  2  Cr  melt  spun  filament  was  spon¬ 
taneously  passive.  A  reaction  of  unknown  origin  gave 
rise  to  a  slight  active-passive  transition  at  about  —0.45 
to  —0.50V  (SCE).  The  critical  current  density  for 
passivation  for  the  sputtered  alloys  was  about  10~* 
A/cm2,  and  the  minimum  passive  current  density  for 
all  three  specimens  was  about  910_s  to  10~‘  A/cm2. 


R».  2  Anodic  potontiodynamic  polarization  carrot  of  tpattsrod 
and  molt  ipan  2  Cr  alloys  in  1M  NaCl,  pH  3,  daacrattd. 


fig.  3.  Anodic  potontiodynamic  polarization  carrot  of  tpattsrod 
and  mtlf  span  16  Cr  alloys  in  IM  NaCl,  pH  3,  daaaratad. 
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The  steep  increase  in  current  at  potentials  above  about 
0.8V  (SCE)  was  due  to  the  selective  oxidation  of 
chromium  as  the  hexavalent  ion.  Cr+*. 

As  indicated  in  Fig.  3,  the  16  Cr  specimens  were 
spontaneously  passive  in  pH  3,  1M  NaCl,  with  passive 
current  densities  in  the  approximate  range  of  2!0~»  to 
2-10'4  A/cm2.  This  spontaneous  passivity  extended 
even  to  pH  1  solutions  (data  not  shown).  The  deposits 
exhibited  passivity  that  was  as  complete,  or  nearly  so, 
as  that  of  corresponding  melt  spun  alloys.  Very  sig¬ 
nificantly,  the  sputtered  alloys  resisted  pitting  corro¬ 
sion  to  the  same  degree  as  those  prepared  by  melt 
spinning.  The  positive  hysteresis  during  the  return 
sweep  for  the  sputtered  alloy  was  typical  of  polariza¬ 
tion  for  all  sputtered  and  melt  spun  specimens  that 
were  polarized  to  transpassive  potentials.  It  may  have 
been  caused  by  temporary  active  dissolution  in  micro¬ 
scopic  pits  that  formed  at  transpassive  potentials,  and 
then  rapidly  passivated  at  potentials  in  the  passive  re¬ 
gion  of  polarization  behavior. 

Pitting  could  not  be  produced  by  polarization  in  the 
passive  range  of  potentials,  even  for  extended  times. 
For  example,  the  surface  of  a  sputtered  2  Cr  alloy  that 
was  potentiostatically  polarized  for  1  hr  in  1M  NaCl, 
pH  3,  is  shown  in  Fig.  4.  The  corrosion  produced  a 
scalloped  appearance  on  the  flat  regions  and  no  prefer¬ 
ential  attack  of  the  hillock-shaped  mounds.  [The 
truncated  tops  evident  in  Fig.  4(b)  were  the  result  of 
surface  damage  prior  to  exposure  to  the  electrolyte.] 
The  corrosion  that  occurred  in  the  passive  potential 
range  of  behavior  produced  a  sort  of  general  attack,  a 
surface  roughening  reminiscent  of  pits  that  were  not 
able  to  propagate  after  initiating.  Shallow  pits  were 
observed  after  potentiostatic  polarization  at  potentials 
that  were  well  into  the  oxygen  evolution  range,  above 
about  1.3V  (SCE).  However,  even  at  these  very  oxi¬ 
dizing  potentials  the  pits  that  developed  tended  to 
propagate  to  depths  of  only  several  *m,  after  which 
they  apparently  passivated  and  new  pits  formed  near¬ 
by.  Shallow  pit  depths  and  high  pit  densities  were  a 
characteristic  common  to  sputtered  deposits  polarized 
at  transpassive  potentials.  Conversely,  transpassive 
corrosion  of  melt  spun  filaments  generally  produced 
more  through-pits  and  lower  pit  densities. 

There  was  no  substantial  effect  of  substrate  tempera¬ 
ture  on  anodic  polarization  behavior.  The  polarization 
curves  for  the  16  Cr  deposits  sputtered  at  —196"  and 
15°C  were  similar.  Both  types  of  deposits  were  spon¬ 
taneously  passive  in  1M  NaCl  at  pH  7  and  3,  with  the 
passive  current  densities  of  the  water-cooled  deposits 
ranging  to  about  twice  those  of  the  liquid  nitrogen- 
cooled  specimens.  However,  pitting  susceptibilities  were 
unaffected,  with  pitting  occurring  only  at  transpassive 
potentials  ( i.e.,  above  about  1.20V  (SCE)  for  the  16 
Cr  alloys).  Examination  of  the  specimens  after  polari¬ 
zation  indicated  that  pits  were  shallower  on  the  alloy 
sputtered  at  —  196"C.  The  effect  of  substrate  tempera¬ 
ture  on  pitting  and  overall  corrosion  behavior  needs 
further  study  to  better  define  the  role  of  this  variable 
on  corrosion. 

Conclusions 

Sputtering  can  be  used  to  prepare  alloys  of  the  Fe- 
Ni-Cr-P-B  variety  with  a  completely  glassy  structure. 
Thermal  characteristics,  such  as  temperatures  and 
heats  of  crystallization,  of  sputtered  alloys  are  similar 
to  those  of  alloys  of  the  same  nominal  compositions 
but  prepared  by  melt  spinning.  Because  of  these  simi¬ 
larities  it  is  inferred  that  the  structures  of  the  two 
classes  of  alloys  are  also  similar  The  corrosion  and 
electrochemical  behavior  of  the  sputtered  deposits  re¬ 
sembled,  but  was  not  identical  to  that  of  melt  spun 
alloys  of  the  same  composition.  Specifically,  open- 
circuit  corrosion  rates  and  oxidation  rates  during 
anodic  polarization  of  the  sputtered  deposits  exceeded 
those  of  melt  spun  specimens,  sometimes  by  about  an 
order  of  magnitude.  However,  the  sputtered  deposits 
exhibited  the  same  resistance  to  pitting  corrosion  as 


Fig.  4.  SEM  photograph]  of  2  Cr  sputterad  deposit]  polarized  for 
I  hr  in  1M  NoCI,  pH  3,  at  the  following  potentials:  (a)  0.40V 
(SCE);  (b)  1.10V  (SCE). 


their  melt  spun  counterparts,  with  pitting  occurring 
to  a  large  degree  only  at  transpassive  potentials  in 
acidified  chloride  solutions.  There  is  some  evidence  that 
a  colder  substrate  temperature  may  favor  improved 
corrosion  resistance,  but  this  tentative  conclusion  needs 
verification.  Sputtering  is  a  viable  alternate  technique 
for  depositing  extremely  corrosion  resistant  glassy 
Fe-Ni-Cr-P-B  alloys. 
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